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Information acquisition and analysis of oil reservoirs are the most challenging and 
scientifically demanding areas in the oil exploration industry. In this dissertation, our 
primary objective was to synthesize functionalized superparamagnetic iron oxide 
nanoparticles (SPIONs) as contrast agents for oil reservoir applications. A chemical co-
precipitation method was adopted for synthesis of uncapped SPIONs, i.e., magnetite 
nanoparticles (MNPs). Influence of stirring rate, temperature, reaction time, pH, and 
precipitating agents was investigated to control the size, shape, and magnetic properties of 
MNPs. Moreover, a facile single-step solvothermal method was utilized for the synthesis 
of highly-stable hydrophilic and hydrophobic SPIONs by using different capping agents, 
polyethylene glycol (PEG-400) and oleylamine (OLA), respectively. The synthesized 
SPIONs were characterized by several physicochemical techniques. Stability of 
hydrophilic SPIONs was monitored in deionized (DI) water and artificial seawater (ASW) 
while stability of hydrophobic SPIONs was investigated in model oil (cyclohexane-
hexadecane 1:1). The phase purity, crystal structure, and average crystallite size of as-
synthesized SPIONs were examined via X-ray diffraction (XRD) analysis. The phase 
purity was further elucidated via surface-enhanced Raman spectroscopy (SERS) while the 
surface functionalization of SPIONs was investigated via X-ray photoelectron 
xix 
 
spectroscopy (XPS). Transmission electron microscopy (TEM) was thoroughly utilized to 
study the size, shape, and morphology of SPIONs. Transverse relaxation time (T2) of 
various concentrations of SPIONs was measured to determine the transverse relaxivity (r2) 
properties for targeted reservoir applications. The observed (i) quenching of T2-relaxation 
signals with optimum SPIONs concentration, (ii) excellent relaxivity properties due to 
their ultra-small size, and (iii) long-term stability in different media, suggest them to be 
promising T2-contrast agents. Various carbonate and sand packs were prepared to mimic 
the actual carbonate and sandstone rocks of the oil reservoir, respectively. T2-relaxation 
experiments were performed via NMR GeoSpec2 spectrometer, and their T2-distribution 
signals were attained via Laplace inversion technique. The quenching of T2-signals was 
recorded for the sample packs before and after injection of hydrophilic-SPIONs in brine. 
Finally, the use of SPIONs as contrast agent was also investigated for three-dimensional 
(3D) imaging of brine/oil saturated rock cores via computed tomography (CT). The fluid 
phase (i.e., brine and oil) was numerically segregated through ‗segmentation‘ process after 
the addition of SPIONs. The research work was carried out at lab scale using the sample 
packs and reservoir cores that mimic the actual oil reservoir conditions. The prepared 
SPIONs produced well defined physiochemical properties and dynamics details of the 
reservoir information that could be a potential material for developing next-generation 








 شهيذ علي    :االسن الكاهل
 
 هي الٌفط الخام     تىليف وتىصيف وظائف هىاد سىبرباراهاجٌيتيك الٌاًىية كىكالء تصىير هكا عٌىاى الرسالة:
 
 كيوياء     التخصص:
 
 ديسوبر , ٧١٠٢:    تاريخ الذرجة العلوية
 
إٌ انحصىل عهً يعهىياخ دليمح عٍ يكايٍ انُفظ هي أكصش األتحاز ذعميذا  وذحذيا في يجال صُاعح انرُمية عٍ 
كعىايم ذثايٍ (سثيىَس)هزِ األطشوحح سيرى ذحضيش سىتشتاساياجُيريك أكسيذ انحذيذ انُاَىيح وانًسًاج انُفظ، في 
نرطثيماخ  يكايٍ انُفظ، حيس اسرخذيد  طشيمح انرشسية انكيًيائيح نرىنيف انجسيًاخ انُاَىيح انًغُاطيسيح انغيش 
ودسجح انحشاسج، وولد انرفاعم، ودسجح انحًىضح،  يغطاج وانًسًاج يُثسىفيها ذى انرحميك في ذأشيش يعذل انرمهية ،
وانعىايم انًسثثح نهسيطشج عهً حجى وشكم وانخصائص انًغُاطيسيح  نهًُثسانًحضشج، وكزنك ذى اسرخذاو طشيمح 
سىنفىششيال يٍ خطىج واحذج نرىنيف يىاد انسثيىَس انجذيذج في شكهيٍ احذهًا لاتم نهرىصع تانًاء  واألخش تانًحانيم 
واألونياييٍ عهً انرىاني حيس ذى دساسح خىاصها  تانعذيذ يٍ  ح، وانري ذكىَد  تاسرخذاو انثىني ايصيهيٍ جاليكىل انضيري
انرمُياخ انفيضيائيح وانكيًيائيح  نشصذ اسرمشاسها  في ياء َمي ويياِ انثحش انصطُاعيح وكزنك  في ًَىرض انُفظ انًكىٌ 
حجى انثهىساخ يٍ سثيىَس وفحص َماوج انطىس، انثُيح انثهىسيح، ويرىسظ   1:1هيكساديكاٌ تُسثح -يٍ سيكهىهيكساٌ
وتاسرخذاو األشعح انسيُيح  (SERS)و ذحفيض طيف ساياٌ انًحسٍ  (XRD)عٍ طشيك ذحهيم حيىد األشعح انسيُيح 
ى وشكم يىاد انسثيىَس انًحضشج تذلح نذساسح حج (TEM)وكزنك ذى اسرخذاو انًجهش اإلنكرشوَي   (XPS)انضىئيح 
انًسرعشضح نرطثيماخ يكايٍ   r)2(نرحذيذ خصائص االسرشخاء  T)2 (، وذى إجشاء لياساخ ولد االسرشخاء انعشضي 
يع ذشكيض سثيىَس  وخصائص االسرشخاء  واالسرمشاس عهً انًذي  2Tانُفظ انًسرهذفح حيس نىحع  اٌ إشاساخ 
تانرثايٍ كىكالء نرطثيماخ يكايٍ  2Tأٌ انسثيىَس انًحضشج نها خصائص واعذج   انطىيم في انسىائم انًخرهفح واذضح
انًاء في ذشكيثاخ انكشتىَاخ وانشيم انًسرخذيح نًحاكاج انصخىس انكشتىَيح  /انُفظ ، حيس ذى  فصم إشاسج انضيد
  GeoSpec2ياف نالسرشخاء عثش يط 2Tوانحجش انشيهي انفعهي نًكايٍ انُفظ، عهً انرىاني حيس أجشيد ذجاسب 
يٍ نهعيُاخ  انصخشيح انًشثعح تانُفظ    (3D)وأخيشا ذى انرحميك يٍ لذسج سثيىَس كعايم ذثايٍ نهرصىيش شالشي األتعاد 
تعذ انحمٍ تًحهىل  سثيىَس في يياِ انثحش او انًاء انُمي  وانُفظ ورنك عهً َطاق   scan)-(CTتانرصىيش انًمطعي 
ذحاكي ظشوف يكايٍ  انُفظ انفعهيححيس نىحع  انمذسج انفائمح عهً سسى خشيطح  انًخرثش تاسرخذاو عيُاخ صخشيح 







One of the most challenging, globally significant, and scientifically demanding 
areas of research in oil exploration industry is the information acquisition and 
physicochemical analysis of oil reservoirs [1]. The global oil recovery factor is estimated 
only between 30-40 % [2, 3]. Any improvement in oil recovery relies on new possibility 
of advanced technologies, commercial practicality, and adequate reservoir handling. This 
generates great interest in oil exploration industries. There are still many difficulties and 
uncertainties in the estimation of amount and location of target oil, the water and 
reservoir dynamics, and the physical properties of oil reservoir [4]. Among the most 
significant point-of-recovery logistical challenges faced in crude oil industry are 
detecting oil in the reservoir and recovering its maximum amount efficiently with least 
materials cost and minimal damaging to the reservoir environment. 
Nuclear magnetic resonance (NMR) spectroscopy has been recently applied in 
petroleum industry as a complementary technique to characterize oil formations during 
the exploration stage. The NMR-based magnetic resonance imaging logging (MRIL) tool 
is utilized to provide information about the fluid quantity, its types (oil, gas, and brine) 
present in the pores, and porosity of reservoir rocks [4]. Tuning the MRIL probe to a 
resonant frequency allows determining the quantities of various fluids present in pores 
via detecting the density of 
1
H nuclei. Moreover, modern MRIL tools can provide 
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information about the pore size, total porosity and effective porosity of the reservoir 
rocks [4]. These well logging tools rely on the fundamental NMR techniques such as 
spin-lattice (T1), spin-spin (T2) relaxation times and diffusion coefficients (D) 
measurements [4]. In the borehole MRIL, T2-relaxation measurements become the 
primary acquisition mode because it requires less time compared to T1-relaxation and 
diffusion coefficient studies. T2-relaxation measurements permit the logging and 
collection of data at commercial speed [4]. Therefore, T2-relaxations are preferably 
performed for the fluid characterization in porous media. In T2-relaxation, the transverse 
component of magnetization vector exponentially decays towards its equilibrium 
position. There are various factors which can influence T2-relaxation time. For instance, 
the viscosity of a fluid is inversely related to T2 [4], which is an important parameter for 
the oil exploration industry to investigate the in-situ molecular dynamics of petroleum 
fluids. Moreover, the concentration and size of magnetic nanoparticles (NPs) also plays a 
significant role to alter the relaxation time. This gives contrast enhancement in magnetic 
resonance imaging (MRI). 
"Contrast" means the signal differences between adjacent regions, e.g., 
‗tissue/bone,' and ‗tissue/vessel' for medical applications and ‗oil/water' for reservoir 
applications. Therefore, contrast agents are utilized for the deconvolution of pore size and 
fluid type (oil, gas, brine) in NMR measurement during the oil reservoir exploration. 
Typical contrast agents for computed tomography (CT) scanner and X-rays analyzer 
display contrast enhancements due to the differences of electron-density. On the other 
hand, contrast agents for MRI show contrasting effects based on their interactions with 
neighboring protons [4]. It is well-known that MRI is based on NMR in which relaxation 
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of proton spins occurs in the presence of applied magnetic field. Therefore, contrast 
agents should have the capability to shorten the relaxation time of the neighboring 
protons [4]. It is reported that T1-based agents provide positive contrast enhancements 
(i.e., brighter image) in T1-weighted MRI, whereas, T2-based agents deliver negative 
contrast enhancements (i.e., darker image) in T2-weighted MRI [5, 6]. Moreover, the 
efficiency of contrast agents is usually expressed in terms of longitudinal (r1) and 
transverse (r2) relaxivity. The higher values of r1 and r2 are related to the T1-positive and 
T2-negative contrast enhancements, respectively [7]. It is anticipated that any 
development of better contrast agents for the imaging of oil reservoirs will benefit the 
local oil exploration companies such as Saudi Aramco, Baker Hughes, and Halliburton, 
etc. The ultimate role of the contrast agents is substantial in enhanced oil recovery. 
Therefore, the objective of this research work was to use functionalized nanomaterials as 
contrast agents for oil/water signal separation and identification of fluid phases present 
within the reservoir rock cores. For this purpose, a variety of superparamagnetic iron 
oxide nanoparticles (SPIONs) were prepared and functionalized as required for oil 
reservoir applications. 
In this study, our first objective was the synthesis and characterization of SPIONs 
having different sizes and shapes. For this purpose, a chemical co-precipitation method 
was adopted for the synthesis of magnetite (Fe3O4) NPs in an aqueous medium. The 
influence of various reaction parameters such as (i) stirring rate, (ii) temperature, (iii) 
reaction time, (iv) pH, and (v) precipitating agents was investigated on the size, shape, 
and magnetic properties of Fe3O4 NPs. Several physicochemical techniques such as 
TEM, XRD, SERS, XPS, and BET were utilized for the characterization of synthesized 
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nanomaterials. TEM was thoroughly utilized to study the effect of various reaction 
parameters on particle‘s growth, size, shape, and morphology of iron oxide NPs. 
Moreover, the magnetic character and stability of as-synthesized magnetite NPs were 
monitored in the harsh saline environment, a critical requirement for oil reservoir 
applications. 
Our second objective was the synthesis and characterization of functionalized 
SPIONs having controlled particle size and improved colloidal stability. To achieve this 
objective, a solvothermal method was utilized for synthesis of functionalized Fe3O4 NPs 
in the non-aqueous environment at elevated temperature and pressure. Hydrophilic and 
hydrophobic functionalization of Fe3O4 NPs was achieved using polyethylene glycol 
(PEG-400) and oleylamine (OLA), respectively. For comparison, uncoated Fe3O4 NPs 
were also prepared by co-precipitation method using NH4OH as a reducing agent. Several 
physicochemical techniques such as XRD, XPS, DSC, FESEM, TEM, and SAED were 
used for the characterization of as-synthesized SPIONs. The colloidal stability of 
hydrophilic SPIONs was monitored in deionized (DI) water and artificial seawater 
(ASW), while the stability of hydrophobic SPIONs was investigated in model oil 
(cyclohexane-hexadecane 1:1). 
Our third objective was NMR T2-relaxation measurements and relaxometric 
studies of as-synthesized SPIONs to determine their feasibility as contrast agents for oil 
reservoir applications. Therefore, T2-relaxation measurements were performed by an 
Acorn Area analyzer and the quenching of T2-signals was examined with various 
concentrations of as-synthesized SPIONs. For comparison, T2-relaxation signals were 
attained for pure DI water, ASW, cyclohexane, hexadecane, and the model oil. Then, r2-
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relaxivity properties were estimated from T2-relaxation times of as-synthesized SPIONs 
dispersions and compared with commercially available, as well as reported, T2-contrast 
agents. 
Our fourth objective was the utility of as-synthesized SPIONs as contrast agents 
for oil/water signal separation. To achieve this objective, various carbonate and sand 
packs were prepared to mimic the actual carbonate and sandstone rocks of the oil 
reservoir, respectively. T2-relaxation experiments were performed by a dedicated NMR 
GeoSpec2 spectrometer and their T2-distribution signals were attained via Laplace 
inversion technique. The deconvolution of oil/water signal was investigated by utilizing 
the synthesized SPIONs as T2-contrast agents. 
Finally, our fifth objective was the utility of as-synthesized SPIONs as contrast 
agents for three-dimensional (3D) imaging of real rock cores. To accomplish this 
objective, the rock cores were flooded with brine and crude oil. The brine/oil bearing 
rocks were analyzed via micro-computed tomography (micro-CT) scanner before and 
after the insertion of synthesized SPIONs as contrast agents. The purpose of 
incorporating SPIONs into the rock fluid was to differentiate brine and oil phases of the 
oil reservoir. The 3D mathematical models obtained from CT images were analyzed 
using a dedicated ‗PerGeos‘ software. The various phases were numerically segregated 
from its mineral frame by ‗segmentation‘ process. The whole research work was carried 







This chapter provides an oversight into the various magnetic nanoparticles (NPs) 
especially magnetite and introduces some fundamental concepts associated with 
magnetism in nanomaterials such as diamagnetism, paramagnetism, ferromagnetism, and 
superparamagnetism (section 2.1). Moreover, it also gives a detailed overview from the 
literature for a variety of synthetic methods, e.g., chemical co-precipitation, thermal 
decomposition, solvothermal, sonochemical, polyol process along with their merits and 
demerits for controlled size, shape, and magnetic properties of magnetite NPs (section 
2.2). Furthermore, a variety of potential applications associated with magnetite NPs such 
as contrast agents for biomedical and oil reservoir applications, catalytic agents for 
synthetic reactions, magnetic separating agents to remove a specific substrate from 
solution and charge control agents in the printing and ink industry are discussed in detail 
(section 2.3). 
2.1 Overview of magnetic nanoparticles 
The particles with at least one dimension < 100 nm are considered as 
nanoparticles. The magnetic NPs become the subject of intense research due to their 
potential widespread applications [8]. Particular interest has been given to NPs composed 
of maghemite (Fe2O3) and magnetite (Fe3O4) due to their non-toxicity, better stability 
during oxidative environment and superparamagnetic characteristics [9, 10]. The 
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magnetic properties associated with Fe3O4 NPs make them suitable for a variety of 
industrial applications as described in section 2.3. 
2.1.1 Magnetism in nanomaterials 
 The magnetic properties of magnetite NPs have made them popular for several 
applications. The magnetic materials are classified based on their response to an external 
magnetic field, and fundamental understanding of magnetism is useful for this research 
work. The electronic structure of atoms within a material dictates magnetic properties. 
The electrons around the nucleus respond to an external magnetic field (H) giving a 
macroscopic magnetization (M). Equation 2.1 presents the relationship between M and H. 
     M = χ H                                 (2.1) 
 Where, χ is the magnetic susceptibility of material. The magnetization curve is 
obtained by measuring M while reversibly sweeping H. Information on the saturation 
magnetism (Ms), intrinsic coercivity (Hc) and remanence magnetism (Mr) for a magnetic 
material can be obtained from the magnetization curve (Figure 2.1). Ms is the point at 
which M becomes constant, despite H continuing to increase. Hc is the point where the 
reverse applied field M decrease to zero. Mr is the value of magnetization after H has 
reduced to zero from its maximum. A magnetization curve also provides some insight 
into the classification of magnetic material. Based on magnetic properties, the materials 
can be categories as diamagnetic, paramagnetic, ferromagnetic and superparamagnetic. 
The term ―superparamagnetism‖ is a type of magnetism in superparamagnetic materials 
exhibited solely by small NPs. The detailed description regarding the classification of 















Diamagnetism arises from the behavior of paired electrons when an external 
magnetic field is applied. As a result, dipoles are induced and aligned opposite to the 
field direction (Figure 2.2a), thus the material is weakly repelled. The diamagnetism is 
negligible as compared to ferromagnetism and even very small compared to 
paramagnetism. 
2.1.1.2 Paramagnetism 
Paramagnetism arises from the presence of at least one unpaired electron in the 
valence orbital, which induced a dipole moment in the material. Paramagnetic materials 
are weakly attracted to the applied magnetic field and do not retain any residual 
magnetism (Figure 2.2b), unlike ferromagnetic materials (i.e., Mr = 0). 
2.1.1.3 Ferromagnetism 
The ferromagnetism is present as hard and soft in ferromagnetic materials. The 
‗hard‘ ferromagnetic materials can be permanently magnetized when placed in magnetic 
field and retain magnetism after removal of the field. While ‗soft' ferromagnetic materials 
lose the induced magnetization (Mr = 0). The ferromagnetic materials contain unpaired 
electrons in the valence orbitals and all of which align parallel within a domain (a region 
of uniform spin orientation) below Curie temperature. In bulk, unmagnetized material, 
the domains are randomly oriented having no net magnetization. In the presence of 
magnetic field, coupling forces tend to cause neighboring domains to align, giving long-
range ordering and large internal magnetic moments. The magnetic ordering is destroyed 
above Curie temperature, and the energy is high enough to overcome these coupling 
forces, thus the material acts as paramagnetically. Examples of ferromagnetic materials 
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comprise nickel, iron, and cobalt etc. In the absence of magnetic field, the spins are 
aligned within individual domains (Figure 2.3a). While in the presence of magnetic field, 
neighboring domains aligned in the direction of external magnetic field (Figure 2.3b). 
2.1.1.4 Superparamagnetism 
Superparamagnetic materials consist of small ferromagnetic clusters, which have 
ferromagnetic properties in bulk. The clusters are so small that each represents a single 
magnetic domain. They interact to reduce the overall magnetic energy. The combined 
reorientation causes net magnetization equal to zero after removal of the magnetic field. 
Hence, superparamagnetic materials do not retain magnetic character. Therefore, 
superparamagnetic materials act in a similar way to paramagnetic materials, but instead 
of every atom being affected independently by the applied field, the entire cluster tends to 
aligned. It is well-established that the ferromagnetic materials show a transition from 
multi-domain to single-domain magnetic structures as the size decreases < 90 nm [11]. 
Upon further reduction in the size to below 25 nm, these NPs reveal superparamagnetic 
behavior at room temperature as shown in Figure 2.3(c) [11]. Significantly, if the size of 
NPs ≥ 25 nm, then the coercive forces dominate and can cause aggregation in the applied 


























2.1.2 Iron oxide nanoparticles 
Among various forms of iron oxides, Fe3O4 NPs exhibit variety of potential 
applications owing to a high Curie temperature (TC
bulk
 ~850 K at TV ≈125 K) and highest 




) [12]. Moreover, the magnetic behavior 
of magnetite NPs is related to their size as discussed above. The oxidation of Fe3O4 
generates Fe2O3, and both have spinel crystal structure with almost similar magnetic 
properties. This results in difficulty to differentiate their structures, particularly using 
XRD. However, the two species differ in color, black is characteristic of Fe3O4 NPs, 
while dark-brown is characteristic of Fe2O3. But often a mixture of these two phases is 
formed, which causes difficulties in their identification. The size, inter-particle spacing, 
crystallinity, surface energy, shape of NPs and their size distribution depends on their 
method of synthesis, and the reaction conditions applied [13]. The next section provides a 




2.2 Synthetic methods of magnetite nanoparticles 
There are a variety of methods reported in the literature to synthesize magnetite 
NPs. The synthetic routes are of particular interest, which results in the formation of 
monodisperse magnetite NPs. The nucleation, growth, and stabilization are key 
requirements in the synthesis of magnetite NPs. The nucleation stage is short and 
followed by the growth of existing nuclei. The size distribution of the particles is limited 
due to short time interval of nuclei formation and their growth [14]. The following 
sections describe the well-known methods to prepare magnetite NPs. 
2.2.1 Co-precipitation method 
The chemical co-precipitation is one of the most convenient and widely adopted 
methods for synthesis of magnetite NPs in an aqueous phase. The method is popular due 
to its simplicity and low cost. The co-precipitation can be accomplished at a relatively 





 (2:1) in the presence of a precipitating agent under nitrogen 





 + 8 OH
-  
    Fe3O4 + 4 H2O               (2.2) 
To achieve their distinctive characteristics, various precipitating agents such as 
NH4OH [17], KOH [18], NaOH [19] and (C2H5)4NOH [20] have been utilized in co-





) solution to reach around 9-10 at which Fe3O4 NPs are 
produced. The precursors are mixed at low-temperature, and the resulting reaction 
mixture is slowly heated to generate nuclei. If the temperature of reaction mixture is kept 
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above 60 °C, the resulting product will be dominated by Fe3O4. Otherwise, FeOOH will 
be dominantly formed below this temperature [21]. The particle growth takes place by 
addition of reactive species, but can also occur via Oswalt ripening at high-temperature. 
Therefore, a rapid decrease in the temperature can prevent further growth of the particles 
[22]. 
The mechanism of Fe3O4 NPs formation during co-precipitation method was not 
fully understood. Recently, Ahn et al. [23] described the reaction pathways of magnetite 
NPs based on the slow and fast addition of precipitating agent into precursor's mixture. 
Upon fast addition, goethite and ferrous hydroxide are the main intermediates scheming 
phase transformation and growth of stable Fe3O4 NPs. The following is the proposed 
mechanism of magnetite NPs formation, 
2 Fe
3+
 + 6 OH
-  
    2 Fe(OH)3 (s)               (2.3) 
2 Fe(OH)3 (s)
 
   2 FeOOH (s) + 2 H2O             (2.4) 
 Fe
2+
 + 2 OH
-  
    Fe(OH)2 (s)                                    (2.5) 
2 FeOOH (s) + Fe(OH)2 (s)   Fe3O4 (s)
 
 + 2 H2O (2.6) 




 + 8 OH
-  
    Fe3O4 (s)
 
 + 4 H2O  (2.7) 
However, the possible reaction intermediates, i.e., goethite (α-FeOOH), 
akaganeite (β-FeOOH), lepidocrocite (γ-FeOOH), ferrous hydroxide (Fe(OH)2), hematite 
(α-Fe2O3) and maghemite (γ-Fe2O3) can be formed before magnetite formation due to 
complex co-precipitation pathways [23]. 
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The Fe3O4 NPs shows superparamagnetic behavior below the critical size ~25 nm 
[24]. This phenomenon allows suitability of magnetite NPs in various magnetic 
resonance imaging (MRI) applications. However, it‘s very challenging to control particle 
size during synthesis because only kinetic factors are accessible to monitor their growth 
[25]. Moreover, it was observed that smaller particles attached to the surface of larger 
particles during synthesis, which produces inhomogeneity with broader particle size 
distribution. To overcome this obstacle, various approaches were adopted such as the use 
of chelating agents and tight control over reaction parameters, i.e., temperature, pH, metal 
cation concentrations, stirring rate, and type of precipitating agent. Additionally, various 
surfactants can be added to the reaction mixture, where micelles control the NPs size and 
dispersity in continuous phase [25]. 
2.2.2 Thermal decomposition method 
This method involves thermal decompositions of iron based precursors in organic 
solvents at elevated temperature. It provides excellent control over size and crystallinity 
of magnetite NPs. However, the method tends to produce particles, which are only 
dispersible in organic media [26]. Shao et al. [27] reported the formation of magnetic NPs 
with sizes ranging from 4.8 to 10.9 nm by varying decomposition time. The synthesis 
was carried out at 180 °C with 0.256 M iron pentacarbonyl using kerosene as a solvent 
and oleylamine (up to 0.085 M) as a surfactant. It was observed that size and shape of the 
synthesized NPs depends on the surfactant concentration. In the absence of surfactant, 
iron oxide NPs flocculated into clusters of 20-50 nm. Moreover, Peng et al. [28] reported 
one-pot synthetic method to give monodisperse magnetite NPs by changing the solvent to 
1-octadecene rather than kerosene. A controlled oxidation was carried out on the surface 
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of iron leading to a crystalline Fe3O4 shell, which provided a vast improvement in the 
chemical and dispersion stability of the NPs. Using another approach, Xu and his co-
workers [29] reported single-step thermal decomposition method for synthesis of 
monodisperse hydrophobic magnetite in which the size of NPs was tuned by adjusting the 
volumetric ratio between oleylamine (OLA) and benzyl ether. The thermal 
decomposition of iron acetylacetonate (Fe(acac)3) was carried out in highly flammable 
benzyl ether at high temperature (300 
o
C), which can be a quite hazardous procedure. 
Furthermore, Sun et al. [30] documented formation of magnetite NPs having size 3-20 
nm without a size selection step. The decomposition of Fe(acac)3 was accomplished in 
phenyl ether using oleic acid and OLA at 265 °C to give 4 nm Fe3O4 NPs. Therefore, by 
controlling the reaction conditions, various sizes and shapes of magnetite NPs can be 
achieved using thermal decomposition method. 
2.2.3 Solvothermal method 
This synthetic method involves the growing of single crystals from a non-aqueous 
solution in a stainless steel autoclave reactor at elevated temperature and pressure. If the 
precursors are dispersed in water then the process is known as a hydrothermal method 
[31]. The solvothermal synthesis allows the precise control over particle size, shape, and 
crystallinity of metal oxide NPs. These characteristics can be achieved by carefully 
optimizing the synthesis temperature, reaction completion time, type of precursors, 
surfactant, and solvent. In the hydrothermal method, the particles size increased with 
prolonged synthesis time, reaction temperature, and high water contents. The NPs size 
was primarily controlled by nucleation rate and grain growth [32]. Ferromagnetic 
magnetite NPs with diameter ~27 nm were synthesized via hydrothermal protocol in 
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presence of surfactant [33]. The hydrophobic magnetite NPs have been prepared by 
thermal decomposition of Fe(CO)5 using oleic acid followed by synthesis of hydrophilic 
Fe3O4@SiO2 core-shell NPs [34]. Moreover, Sun et al. [35] reported high-temperature 
synthesis of monodisperse magnetite NPs having size 4-20 nm using Fe(acac)3 precursors 
in presence of OLA and oleic acid. Later on, the hydrophobic NPs were made converted 
to hydrophilic affinitive with a bipolar surfactant. Therefore, hydrophilic and 
hydrophobic coatings on the NPs surface can be achieved by adopting hydrothermal and 
solvothermal methods, respectively. The solvothermal process is almost similar to 
thermal decomposition method where synthesis is performed in an open container at 
atmospheric pressure. 
2.2.4 Sonochemical synthesis 
Several articles published in the literature describing the use of sonochemistry to 
assist in the formation of magnetite NPs [36-38]. The ultrasonic waves perform the 
mixing of ions in solution at atomic level which help to achieve crystalline phase by 
annealing at lower temperature [36]. Suslick et al. [37] documented the ultrasonic 
decomposition of Fe(CO)5 to produce colloidal iron NPs with a narrow size distribution 
(3-8 nm with polyvinylpyrrolidone and ~8 nm with oleic acid). Besides, Shafi et al. [36] 
utilized variety of surfactants during the sonochemical decomposition of Fe(CO)5 to give 
NPs with the size distribution of 5-16 nm. Therefore, the sonochemical method also 
provides good control over the size of magnetite NPs.  
2.2.5 Polyol Process 
The polyol process has been applied to several types of metallic NPs such as gold 
and nickel [39, 40]. Generally, a metal species is dissolved in a polyol solution, 
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commonly a viscous alcohol such as a diol, triol or tetraol, etc. which minimizes particle 
diffusion and inhibits particle growth. The polyol is heated for a specific time, and play a 
triple role, i.e., reducing, stabilizing, and capping agent during the synthesis process. 
Research into polyol process shown that introduction of hydroxyl groups can change the 
morphology of some metallic NPs [41]. Magnetic iron oxide NPs have also been 
synthesized via polyol process. Oleate capped magnetite NPs were synthesized in 




 chlorides as the 
precursors [42]. Similarly, the presence of hydroxide ions favors the formation of 
octahedral magnetite nanocrystals [43]. Moreover, it is reported magnetic NPs could be 
synthesized solely in trimethylene glycol, without the need of any other stabilizers. This 
simple method produced monodisperse NPs coated with the hydrophilic polyol in situ 
[44]. This technique allows obtaining magnetite NPs that will be particularly well suited 
to the scale-up procedure. Further research in this area has seen Fe3O4@ZnO NPs 
produced by adding zinc acetate into the reaction mixture after formation of Fe3O4 NPs 
[45]. Recently, Abbas et al. [46] reported single-step polyol method for the synthesis of 
hydrophilic SPIONs using polyethylene glycol (PEG) as a solvent as well as a stabilizing 
agent. The pH of solution was adjusted to ~10 by the addition of NaOH and reaction was 
carried out at a relatively higher temperature (300 
o
C). A modified polyol method was 
also reported for the encapsulation of silica shell on the surface of magnetite NPs to 
induce hydrophilicity under similar reaction conditions [47]. Intensive study is carried-
out to synthesize magnetite NPs with controlled size, shape and magnetic properties for 
their widespread applications. A detailed discussion of some important applications is 
given in the subsequent section. 
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2.3 Application of magnetite nanoparticles 
Magnetite NPs have shown their potential applications in the fields of magnetic 
storage [48, 49], catalysis [50, 51], electrocatalysis [52, 53] and biomedicine such as 
targeted drug delivery [54, 55], hyperthermia treatments [56, 57] as well as contrast 
agents for MRI [58, 59]. Recently, magnetite NPs have also been investigated as contrast 
agents for oil reservoir applications [60-63]. 
2.3.1 Contrast agents for oil reservoir applications 
One of the most promising applications is the use of magnetite NPs as contrast 
agents for MRI. The researchers probed the contrast agents i.e., paramagnetic ions [64, 
65]  and paramagnetic NPs [60, 62, 63] for the assessment of water, oil, pore 
connectivity, and fracture density for oil reservoir applications. Recently, Zhang et al. 
[61] reported oil-soluble contrast agents (iron-based complexes) to separate various fluids 
inside the porous media via NMR relaxation measurements. These contrast agents were 
able to reduce T2-relaxation time of oil from 2000 ms to 20 ms. However, paramagnetic 
ions are not as useful due to their adsorption on the rock surface and reactivity with 
minerals compared to SPIONs. Recently, Chi et al. [62] documented the improved 
assessment of interconnected porosity using Fe3O4 NPs contrast agents in the reservoir 
rocks measured by NMR. T2-relaxation times shifted towards shorter values after 
injecting the NPs for larger interconnected pores and self-induced fractures. Moreover, 
the quantification of pore connectivity and fracture density was also obtained through 
numerical simulation and experimental work [62]. Furthermore, Huh et al. [66] patented 
hydrophobic SPIONs to serve as intelligent crude oil tracers for enhanced oil recovery. 
Thus, magnetite NPs have strong potential to be used as contrast agents for MRI of oil 
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reservoir applications. However, there is still lack of studies on application of highly-
stable hydrophilic and hydrophobic contrast agents for water and oil phase of the 
reservoirs. 
2.3.2 Contrast agents for biomedical applications 
Another promising application is the use of magnetite NPs as contrast agents in 
MRI for biomedical applications. Their superparamagnetic properties enable them to 
dramatically shorten the T1 and T2 relaxation times of surrounding protons, generating a 
detectable change in the MRI signal [67, 68]. Advances in this technology have seen that 
magnetic NPs engineered to specifically target tumors. Peptide-coated iron oxide NPs 
have been found to bind to cancer cells enhancing the associated MRI signals [69, 70]. 
The magnetite NPs have also been useful for the cancer treatment by magnetic 
hyperthermia. This technique works on the principle that magnetite NPs heat-up when 
placed in an alternating magnetic field. Therefore, magnetite NPs could be deposited in a 
tumor and the patient placed in an alternating magnetic field, which heats the NPs, results 
in raising the temperature of tumor. The temperature range classically used between 42 
and 46 °C, which at the lower end improve the efficiency of chemotherapy and at the 
higher end cause the tumor cell to death. This method is promising for the future of 
cancer therapy as it is relatively non-invasive, simple to perform, and allows treatment of 
tumors in areas where surgery is not possible [71-74]. 
2.3.3 Catalytic agents for synthetic reactions 
Magnetite NPs are widely explored as heterogeneous catalysts due to their non-
toxic nature and convenient preparation. Based on the targeted application, core-shell 
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multifunctional magnetic NPs have been developed for their ultimate use in the field of 
catalysis [75]. Zolfigol et al. [76] synthesized a novel nano-magnetic heterogeneous 
acidic catalyst, i.e., [Fe3O4@SiO2@(CH2)3-imidazole-SO3H]Cl for preparation of 1,8-
dioxooctahydroxanthene and dihydropyrano[2,3-c]pyrazole derivatives under solvent-
free environment. Moreover, Naeimi et al. reported a highly efficient solid acid catalyst, 
i.e., Fe3O4@SiO2 having sulfonic acid groups for preparation of 1,8-dioxo-
octahydroxanthene derivatives. The synthesized catalysts exhibited higher selectivity for 
oxidative conversions of cyclohexane, cyclohexene, and cyclooctene to their respective 
alcohols as compared to free metalloporphyrin. Similarly, Ucoski et al. [77] utilized 
silica-coated Fe3O4 NPs as a robust and cheaper support for immobilization of 
metalloporphyrins. These heterogeneous catalysts can be reutilized up to number of 
cycles with a high selectivity and conversion rate. 
2.3.4 Magnetic separating agents for targeted applications 
Magnetic NPs have also been used as magnetic separating agents. The ability of 
functionalized magnetic NPs to bind with a specific substance is exploited which allows 
the rapid and inexpensive removal by applying an external magnetic field. For example; 
(i) use of magnetic separation includes arsenic removal from water [78], (ii) detection and 
removal of materials including phosphopeptides and lysozymes from biological solutions 
[79] and (iii) separation and detection of bacteria [80]. 
2.3.5 Charge control agents for printing applications 
On top of the numerous biological applications, further interest is expressed in 
magnetic NPs due to their potential in the printing and ink industry. Researchers 
developed a solution of magnetic NPs crystals that can change color, reversibly and 
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quickly, depending on the strength of the magnetic field applied. This could be applied to 
develop an ink that may change color magnetically [81]. These applications require some 
surface functionalization of magnetite NPs to enhance their stability in solution and allow 
them to bind with the required substrate. Also, the particles are often dispersed in a 
carrier fluid where they remain randomly dispersed until a magnetic field is applied. A 
significant problem associated with magnetic fluids is the strong magnetic dipole-dipole 
attractions experienced by the particles which result in aggregation. It is therefore 
imperative to prevent the aggregation by synthesizing ultra-small magnetite NPs. 
2.4 Challenging fields of research 
The magnetite NPs can be synthesized by various synthetic routes and utilized for 
numerous applications as discussed above, particularly within the field of biomedicine 
and oil reservoirs. However, surface functionalization of magnetite NPs is still a 
challenging field of research for their specific applications. Moreover, the stabilization of 
these NPs in a particular medium is another obstacle to overcome the tendency of 
aggregation. Many applications require water dispersible NPs, and creation of 
monodisperse water dispersible NPs in one-step is still a challenge for future research. 
Additionally, in order to utilize the magnetite NPs for industrial applications, their 
synthetic methods must be optimized and simplified. Moreover, the magnetite NPs as 
contrast agents for oil reservoir application is an emerging field of research. These NPs 
can potentially be applied to estimate the amount and location of target oil, study the 




EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES 
This chapter provides a complete description of various experimental methods 
adopted for the synthesis of Fe3O4 NPs and several physicochemical techniques involved 
in the characterization of synthesized nanomaterials. Section 3.1 describes synthetic 
method and characterization techniques of magnetite nanoparticles (MNPs) while section 
3.2 illustrates the synthetic method and characterization techniques of superparamagnetic 
nanoparticles (SPIONs). Section 3.3 elaborates on T2-relaxation experiments of as-
synthesized SPIONs dispersion executed via NMR based Acorn Area analyzer to 
determine the relaxometric properties for oil reservoir applications. Moreover, section 3.4 
describes T2-relaxation experiments of sample cores performed via NMR GeoSpec2 
spectrometer for oil/water signal separation by utilizing SPIONs as contrast agents. 
Finally, section 3.5 provides the experimental detail of rock cores analyzed via computed 
tomography (CT) scanner. 
3.1 Magnetite nanoparticles (MNPs) 
Herein, our objective was to synthesize MNPs via chemical co-precipitation 
method. For this purpose, the detailed specification of required chemicals and materials is 
provided in section 3.1.1, while the complete experimental procedure is given in section 
3.1.2. For the synthesis, a range of possible reaction parameters were selectively chosen 
to obtain relatively smaller particle size and various shapes of MNPs. Therefore, 
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influence of (i) stirring rate, (ii) temperature, (iii) reaction time, (iv) pH, and (v) 
precipitating agents on particle‘s growth, size, shape, and magnetic properties of MNPs 
was examined. These fundamental studies helped to understand which parameters would 
have significant influence on the synthesis of MNPs. Moreover, section 3.1.3 describes 
the detailed description of several physicochemical techniques such as TEM, XRD, 
SERS, XPS, and BET involved in characterization of the synthesized MNPs. Lastly, 
preparation of artificial seawater (ASW) and experimental details regarding the stability 
of MNPs in ASW are provided in section 3.1.4. 
3.1.1 Chemicals and materials 
All the chemicals were procured from Sigma-Aldrich and utilized without further 
purification. Ferrous chloride tetrahydrate (FeCl2.4H2O, 99%), ferric chloride 
hexahydrate (FeCl3.6H2O, 99%), ammonium hydroxide solution (NH4OH, 28-30%), 
sodium hydroxide (NaOH, 99%), potassium hydroxide (KOH, 99%), hydrochloric acid 
(HCl, 37%) and absolute ethanol (C2H5OH, 99.8%) were utilized for synthesis of MNPs. 
While, sodium chloride (NaCl, 99.5%), anhydrous magnesium chloride (MgCl2, 98%), 
sodium sulphate (Na2SO4, 99%), anhydrous calcium chloride (CaCl2, 99.9%), potassium 
chloride (KCl, 99%), sodium bicarbonate (NaHCO3, 99.7%), potassium bromide (KBr, 
99%), boric acid (H3BO3, 99.5%), anhydrous strontium chloride (SrCl2 99.9%) and 
sodium fluoride (NaF, 99%) were used for preparation of artificial seawater. The 
hydrophobic polytetrafluoroethylene (PTFE) membrane filters (Millex-FG, Millipore) of 
0.2-micron were used for filtration of the precursor‘s solution. 
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3.1.2 Synthesis of MNPs 




 (2:1) using NH4OH as 
a precipitating agent. The synthesis reactions were carried out under Ar atmosphere, and 
the mixing was done using overhead Teflon stirrer (IKA Eurostar, Germany). A series of 
experiments (S1-S16, Table 3.1) were conducted to optimize the stirring rate, 
temperature, pH, and reaction time for synthesis of MNPs. After optimizing range of 
reaction parameters with NH4OH, further three experiments (S17-S19, Table 3.1) were 
performed to study the effect of various precipitating agents i.e. NH4OH, KOH, and 
NaOH on particle size, shape, and magnetic properties of MNPs. The magnetic NPs 
synthesized by various precipitating agents were labeled as MNP-NH4OH, MNP-KOH, 
and MNP-NaOH, respectively. For each experiment, 0.5 mL of conc. HCl was mixed 
with 50 mL of deionized water to make it acidified (pH ~1.5). Then, 0.6 M FeCl3.6H2O 
and 0.3 M FeCl2.4H2O aqueous solutions were prepared with acidified water. The 
solutions were filtered-off with 0.2-micron hydrophobic PTFE membrane filter. The 
precursor‘s solutions were mixed in a three-neck flask. Heat the reaction mixture up to a 
certain temperature and required amount of precipitating agent was vigorously poured 
into the iron precursor‘s solution at a particular stirring rate (rpm). The color of solution 
changed from golden-brown to black indicating the formation of NPs. The reaction 
mixture was continuously stirred, refluxed, and heated for a particular time. Then, allow 
the reaction mixture to cool down to room temperature. The NPs were centrifuged at 
10,000 rpm for 10 min using 3-30KS centrifuge (Sigma, Germany), washed several times 
with ethanol, and dried in vacuum oven at 50 
o
C for 24 h. The schematic representation 





Table 3.1: Various experimental conditions for synthesis of MNPs. 

















3.1.3 Characterization techniques for MNPs 
 The surface morphology, size, and shape of synthesized MNPs were examined via 
transmission electron microscope (JEM-2100, JEOL, USA). TEM grids were coated by 
putting a minute slurry of the analyte onto 200 mesh Cu-grids. The average size and 
standard deviation of NPs were calculated using ImageJ particle analyzer software. The 
diffraction patterns of materials were recorded using a Smart Lab X-ray diffractometer 
(Rigaku, Japan) with a diffraction angle (2θ) range of 15−80° at a scan rate of 2° min
-1
. 
The structural properties have been investigated by surface-enhanced Raman 
spectrometer (Horiba Scientific). Raman spectra were attained using red laser (λ ~ 633 
nm) and diffraction grating of 600 lines mm
-1
 for 25s interval. Surface analysis of the 
synthesized magnetic materials was performed via X-ray photoelectron spectrometer 
(ESCALAB 250Xi, Thermo Scientific, UK). The adventitious peak (C1s) detected at a 
binding energy of 284.8 eV was used as a reference. The specific surface area and 
porosity of as-synthesized materials were estimated by N2 adsorption-desorption 
isotherms using surface area analyzer (ASAP 2010, Micromeritics, USA). The samples 
were degassed with N2 for 4 h at 100 oC before analysis. 
3.1.4 Stability test for MNPs 
 The magnetic properties and stability of as-synthesized MNPs were investigated 
in artificial seawater (ASW); which meets American standard for testing and materials 
(ASTM D1141-98) [82]. ASW standard solution was prepared by dissolving 36.03 g L
-1
 
of the salt mixture in deionized water having resistivity 18 MΩ.cm at 25°C. The 
composition of the salt mixture was as follows; NaCl (24.53 g), MgCl2 (5.20 g), Na2SO4 
(4.09 g), CaCl2 (1.16 g), KCl (0.695 g), NaHCO3 (0.201 g), KBr (0.101 g), H3BO3 (0.027 
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g), SrCl2 (0.025 g) and NaF (0.003 g). The estimated density and pH of the standard 
solution were found to be 1.020 g mL
-1 
and pH ~8.0, respectively. For each test, 10.0 mg 
of MNPs were dispersed in 2.5 mL of ASW by ultrasonication for 30 min, and the 
stability of MNPs was monitored. 
3.2 Superparamagnetic iron oxide nanoparticles (SPIONs) 
Herein, we present a single-step, facile solvothermal method for the synthesis of 
hydrophilic (section 3.2.1) and hydrophobic (section 3.2.2) SPIONs in which the solvents 
(PEG-400, OLA) act as reducing, stabilizing and capping agents. PEG-400 and OLA 
were selectively employed to provide hydrophilic and hydrophobic functionalities on the 
surface of SPIONs, respectively. For comparison, uncoated-Fe3O4 NPs were also 
prepared by co-precipitation method using NH4OH as precipitating agent (section 3.2.3). 
Moreover, the detailed description of several physicochemical techniques such as XRD, 
XPS, DSC, FESEM, TEM, and ICP-AES utilized for the characterization of synthesized 
SPIONs is provided in section 3.2.4. Lastly, the experimental details regarding 
functionality and colloidal stability of as-synthesized SPIONs in their respective 
environment are given in section 3.2.5. 
3.2.1 Synthesis of hydrophilic SPIONs 
The hydrophilic magnetite (Fe3O4) NPs were prepared by the solvothermal 
method using PEG-400 (Aldrich). Briefly, 6 mmol (2.185 g) of iron(III) acetylacetonate 
Fe(acac)3 (97%, Fluka) and 75 g of PEG-400 were mixed with the help of Silverson 
mixer (L5M-A, USA) in 125 mL PTFE vessel for 1 h to obtain a homogenous red 
suspension at room temperature. The vessel was placed in a stainless steel autoclave 
reactor (Parr, USA) and kept in a synthetic oven (280A, Fisher Scientific) at 180 °C for 
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24 h. Then, the mixture was cooled down to room temperature, and the black slurry of 
Fe3O4 was precipitated by the addition of absolute ethanol (>99%, Fisher Scientific) with 
an excess amount of diethyl ether (>99%, Sigma-Aldrich). The NPs were centrifuged at 
10,000 rpm for 10 min using 3-30KS centrifuge (Sigma, Germany). To remove unbound 
PEG-400, the NPs were redispersed in absolute ethanol and centrifuged again at 20,000 
rpm for 30 min. The purification procedure was repeated three-times. The final black 
product was labeled as PEG-Fe3O4 and divided into two equal parts. Then, half of the 
product was dispersed in Milli-Q water while remaining half was dried in vacuum oven at 
50 
o
C for 24 h. 
3.2.2 Synthesis of hydrophobic SPIONs 
The hydrophobic Fe3O4 NPs were synthesized by the solvothermal method using 
OLA (70%, Aldrich). Briefly, 5 mmol (1.820 g) of Fe(acac)3 precursor and 25 mL of 
OLA were mixed with the help of Silverson mixer in 125 mL PTFE vessel for 1 h to 
obtain a homogenous red suspension. The vessel was placed in a stainless steel autoclave 
reactor and kept at 280 °C for 24 h. Then, the mixture was cooled down to room 
temperature. The precipitation and purification procedure of the synthesized NPs 
remained same as described above for the synthesis of hydrophilic Fe3O4. The final black 
product was labeled as OLA-Fe3O4 and divided into two equal parts. Then, half of the 
product was dispersed in cyclohexane-hexadecane (1:1) mixture, while the remaining 
half was dried in vacuum oven at 50 
o
C for 24 h. 
3.2.3 Synthesis of uncoated SPIONs 





the molar ratio (2:1) using NH4OH solution as a reducing agent. The complete reaction 
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was carried out under an Ar atmosphere, and the stirring was carried out by using 
overhead Teflon stirrer. In a typical procedure, 100 mL of Milli-Q water was acidified 
with 1.0 mL of concentrated HCl (37%, Sigma-Aldrich) and purged with Ar gas for 15 
min. Then, 1.2 M FeCl3.6H2O (>99%, Sigma-Aldrich) and 0.6 M FeCl2.4H2O (>99%, 
Sigma-Aldrich) aqueous solutions were prepared in acidified water. The solutions were 
filtered-off with 0.2-micron hydrophobic PTFE membrane filter. Then, Fe
2+
 solution was 
mixed dropwise with Fe
3+
 solution in a three-neck flask. The reaction mixture was heated 
up to 80 
o
C and 20 mL of NH4OH (28−30%, Sigma-Aldrich) solution was poured into 
the iron precursors at 500 rpm. The color of dispersion was changed from golden brown 
to black indicating the formation of Fe3O4 NPs. The dispersion was continuously stirred, 
refluxed and heated for 1 h followed by the addition of 5 mL tetramethylammonium 
hydroxide (25%, Sigma-Aldrich) solution to stabilize the NPs. Then, allow the reaction 
mixture to cool down to room temperature. The magnetic NPs were washed several times 
with absolute ethanol as described above. The final product was labeled as Fe3O4 and 
divided into two equal parts. Then, half of the product was dispersed in milli-Q water 
while remaining half was vacuum dried in the oven at 50 
o
C for 24 h. 
3.2.4 Characterization techniques for SPIONs 
 The diffraction patterns of various SPIONs were recorded using a Smart Lab X-
ray diffractometer (Rigaku, Japan) with a diffraction angle (2θ) range of 15−80° at a scan 
rate of 2° min
-1
. Surface analysis of the synthesized magnetic materials was performed 
using an X-ray photoelectron spectrometer (ESCALAB 250Xi, Thermo Scientific, UK). 
The thermal properties of functionalized NPs were examined via differential scanning 
calorimeter (DSC 204 F1 Phoenix, NETZSCH, Germany). DSC measurements were 
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performed in the temperature range 20−500 °C with a scan rate of 10 °C min
-1
 under N2 
environment to avoid material oxidation. The surface morphology, size, and shape of the 
synthesized SPIONs were evaluated by using a field emission scanning electron 
microscope (FESEM-Tescan Lyra-3) as well as a transmission electron microscope 
(JEM-2100, JEOL, USA). TEM grids were coated by putting slurry of the analyte onto 
200 mesh copper grids. The grids were examined after 1 h of initial degassing under 
vacuum. An inductively coupled plasma atomic emission spectrometer (ICP-AES, 
Varian) was utilized to estimate Fe content in as-synthesized SPIONs. 
3.2.5 Functionality and colloidal stability test for SPIONs 
The hydrophilic functionality and colloidal stability of as-synthesized SPIONs 
(i.e., PEG-Fe3O4 and Fe3O4) were tested in deionized (DI, pH ~7.0) water as well as 
artificial seawater (ASW, pH ~8.0). Briefly, ―ASTM D1141-98‖ standard was prepared 
by dissolving 36.03 g L
-1
 of a salt mixture in DI water. The composition of salt mixture is 
described in details elsewhere (section 3.1.4). The estimated density and salinity of ASW 
were 1.020 g mL
-1 
and 36.0 g L
-1
 respectively. However, the hydrophobic functionality 
and colloidal stability of as-synthesized OLA-Fe3O4 NPs was monitored in standard 
model oil composed of the mixture of cyclohexane and hexadecane (1:1). For each test, 
10.0 mg of as-synthesized SPIONs were dispersed in a bottle containing 4 mL of the 
model oil and ASW (1:1). Then, the functionality of NPs was investigated in terms of 
their hydrophilic or hydrophobic characteristics, while the stability of NPs was monitored 
in their respective continuous phase. 
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3.3 T2-relaxation experiments via Acorn Area analyzer 
 A bench-top NMR spectrometer (Acorn Area analyzer, Xigo Nanotools, USA) 
shown in Figure 3.2 was utilized to determine the feasibility of SPIONs as contrast 
agents. This low-field NMR spectrometer is typically designed to measure the surface 
area of NPs dispersed in a liquid [83, 84]. For the T2-relaxation measurements, 1 mL of 
sample was taken in a dedicated NMR sample tube and placed in the instrument for 
examination. All the experiments were conducted at fixed field strength with a resonating 
frequency of 13.2 MHz at room temperature. The standard Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence was applied to attain T2-relaxation decay curves with the 





pulses. A series of four replicate scans were averaged to get a single exponential decay 
curve. A recycle delay, i.e., repetition time (TR) between two consecutive scans was 
automatically adjusted to five times of anticipated T2
*
-value. The quenching of T2-signals 
with various concentrations of SPIONs was determined. All the experiments were 
repeated three times and the average value of T2 was determined. The suitability of this 
miniaturized technique to obtain meaningful results will be demonstrated by showing its 
potential to work as promising T2-contrast agents for oil reservoir applications. 
3.4 T2-relaxation experiments via NMR GeoSpec2 core analyzer 
For the analysis of sample packs, NMR T2-relaxation experiments were 
performed using a bench-top rock core analyzer (GeoSpec2, Oxford Instruments, UK) as 
displayed in Figure 3.3. The NMR spectrometer has capacity to analyze cores having 
maximum diameter 2 inches and length 5 inches. The built-in Q-Sense signals 
enhancement technology permits the detection of extremely small pores (~1 nm). The 
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instrument is coupled with advanced software from Green Imaging Technologies (GIT) 
Systems which allows the acquisition of standard NMR experiments for reservoir 
applications. All the experiments were conducted at fixed field strength with a resonating 
frequency of 2.2 MHz at ambient temperature. The standard CPMG pulse sequence was 
applied to attain T2-relaxation decay curves while keeping TE value constant (τ = 0.053 




 pulses. A series of sixteen replicate scans were 
averaged to get a single exponential decay curve. TR between two consecutive scans was 
automatically adjusted to 7.5 times of anticipated T2
* 
= 2000 ms. The signal to noise ratio 
(SNR) for each experiment was retained at 150 after 16 scans. All the experiments were 
repeated three times to check reproducibility of the measurements. 
3.4.1 Preparation of carbonate and sand packs 
 Various carbonate and sand packs were prepared to mimic the actual carbonate 
and sandstone rocks of the oil reservoir, respectively. For each carbonate pack, standard 
calcium carbonate white gravels were mounted in a standard glass bottle (30 mL). 
Similarly, for each sand pack, standardized sand was packed into the glass bottle. For 
standardization of sand, the fine sand was collected from desert area near Dhahran and 
passed through the mesh-45 (354 microns) followed by the mesh-80 (177 microns). A 45- 
and 80-mesh screen means there are 45 and 80 openings across one linear inch of screen, 
respectively. It means that 90% or more of the sand passed through a 45-mesh and 
retained by an 80-mesh sieve. The particles size of collected sand was in the range of -45 
/ +80 mesh. Subsequently, the desired amount of fluid (brine and/or oil) was added to the 
sample packs having final diameter ~2.83 cm, length ~4.77 cm, and volume ~30.0 cm
3
. 





















3.5 Computed tomography experiments 
A high resolution computed tomography called ―micro-CT‖ (VersaXRM-500, 
ZEISS Xradia, Germany) instrument was utilized to attain three-dimensional (3D) images 
of various rock cores saturated with different fluids. Figure 3.4 displays (a) outside and 
(b) inside view of the micro-CT scanner utilized for 3D imaging. The scan parameters 
were adjusted based on sample size and region of interest. Using interior tomography, the 
rock cores were imaged in the micro-CT scanner at a resolution of 3.76 µm by applying 
source voltage of 160 kV and source current of 62.7 µA. The X-ray exposure time of 9 s 
was chosen for each slice of the rock by selecting 4X optical magnification mode. A HE6 
filter was placed on X-ray source to reduce the ring artifacts usually associated with high 
resolution scans. The same parameters were applied for all the analysis of rock cores 
before and after flooding. The 3D mathematical models obtained from CT images were 
analyzed using a dedicated ‗PerGeos‘ software. The various phases were numerically 
separated from its mineral frame by ‗segmentation‘ process. 
3.5.1 Dimensions and porosity of rock cores 
Two cylindrical carbonate rock cores were selected for the CT experiments 
(Figure 3.5) having dimensions and porosity as given in Table 3.2. First carbonate rock 
core was labelled as CB1 having length ~5.33 cm, diameter ~3.81 cm, and volume ~60.8 
cm
3
. Similarly, the second carbonate rock core was labelled as CB2 having length ~2.03 
cm, diameter ~3.81 cm, and volume ~23.1 cm
3
. The total porosity of CB1 and CB2 was 
estimated by adapting the helium porosity measurement methodology [85] and values 
were found to be 26 and 12 %, respectively. The porosity values indicate that CB1 is a 






















Table 3.2: Dimensions and characteristics of rock cores selected for 3D imaging. 










CB1 Carbonate 5.33 3.81 60.8 26% 













3.5.2 Saturation of rock cores with brine 
A brine solution (ASW) having concentration 36.03 g L
-1
 was prepared for 
saturating the rock cores as described in Section 3.1.4. A manual saturator setup was 
utilized for brine flooding as shown in Figure 3.6. Firstly, the cores were placed inside 
sample holder, sealed, and vacuumed. Then, brine was gradually pumped to fill the core 
holder and constant pressure of 1000 psi was achieved. The cores were kept in the 
saturator for 24 h. The brine-saturated cores were then imaged in the micro-CT scanner. 
3.5.3 Saturation of rock cores with crude oil 
The sample cores (CB1 and CB2) were flooded with crude oil (ALCO-35) on a 
Vinci CSF-700 core-flooding system (Figure 3.7). The experimental setup contains an 
oven in which hydrostatic core holder rotates in vertical direction. The core holder was 
connected with stainless steel tubes at the inlet and outlet, which helps to transport the 
fluid in rock cores. The oil was transported with dual injection pumps at a continuous 
flow rate of 0.25 cc min
-1
 for 2 h. Another syringe pump coupled with the core holder 
supplied a constant pressure of 1500 psi. The oven was kept at constant temperature of 
35
o
C. A computer station controlled the pumps and valves during experiment. The oil-
flooded cores were then imaged in the micro-CT scanner using the same parameters as 
chosen for brine-saturated cores. Once CT imaging was completed, the cores were 
cleaned using a Soxhlet extractor and allowed to dry in a vacuum oven at 60 
o
C.  
In order to see the effect of contrast agent, the same set of flooding (brine and oil) 
experiments were repeated, but this time the rock cores were saturated with brine solution 
having 30 ppm hydrophilic-SPIONs. These brine/oil flooded cores were imaged again in 
























RESULTS AND DISCUSSION 
4.1 Material characterization of MNPs 
To attain superparamagnetic characteristics of magnetite NPs, critical 
optimization of various reaction parameters was carried out for the synthesis of MNPs as 
described in previous section 3.1.2. The effects of (i) stirring rate, (ii) temperature, (iii) 
reaction time, (iv) pH, and (v) precipitating agent on the size, shape, and morphology of 
as-synthesized MNPs were comprehensively investigated via TEM. After optimization of 
the reaction parameters for co-precipitation method, the synthesized MNP-NH4OH, 
MNP-KOH, and MNP-NaOH nanomaterials were further characterized via XRD, SERS, 
XPS, and BET. Finally, the stability of MNPs was monitored in ASW for oil reservoir 
applications. 
4.1.1 Effect of stirring rate on particle size of MNPs 
In order to optimize the reaction conditions for synthesis of ultra-small MNPs, the 
role of stirring rate on particle‘s growth was examined. Morais et al. [86] reported stirring 
rate effect on the size of cobalt ferrite NPs synthesized via co-precipitation, and it was 
established that increase in the stirring speed produces smaller NPs. Furthermore, 
Rahmawati et al. [87] documented similar effect (500-900 rpm) on the synthesis of 
magnetite NPs and found that the average crystallite size gradually decreased from 24.0 
to 22.3 nm until 700 rpm and then increased to 25 nm until 900 rpm. Therefore, we 
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extensively scrutinized the stirring rate effect from 100 to 700 rpm for synthesis of 
magnetite NPs by keeping other parameters constant, i.e., temperature ~80 
o
C, reaction 
time ~1.0 h, and pH ~9.0 as provided in Table 3.1 (S1-S4). Figure 4.1 displays TEM 
images of samples S3 and S4 synthesized at stirring rate of (a) 500 and (b) 700 rpm, 
respectively. As anticipated, the size of magnetite NPs reduced by increasing stirring 
speed from 100 to 500 rpm, and homogeneous distribution of particles having average 
diameter ~10.3 nm observed at 500 rpm (Figure 4.1a). This trend can be explained by 
two aspects: (i) energy transfer to the suspension medium increased at a higher stirring 
rate, which leads the solution into smaller droplets and hence size decreases [88], (ii) high 
density of nucleation sites gives fast reduction and thus reduces the particle size [86]. 
Further increase in the stirring speed from 500 to 700 rpm produces inhomogeneous 
particles with lumps (Figure 4.1b) because a lot of bubbles were generated and splashing 
of reaction solution observed at very high speed (700 rpm). Besides, NPs can readily 
oxidize at an extremely high stirring rate [88]. Therefore, the optimum stirring rate is 500 





Figure 4.1: TEM images of samples (a) S3 and (b) S4 synthesized at stirring rate of 500 
and 700 rpm, respectively. 
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4.1.2 Effect of temperature on particle size and crystal growth of MNPs 
The temperature has a significant role in particle size, size distribution, and 
surface chemistry of NPs during co-precipitation synthesis [17, 89]. Therefore, we 
extensively studied the effect of synthesis temperature (20, 40, 60, and 80 
o
C) on 
properties of NPs while keeping the stirring rate ~500 rpm, reaction time ~1.0 h, and pH 
~9.0 as shown in Table 3.1 (S5-S8). The observed brownish-black precipitates up to 60 
o
C indicate the formation of several iron oxide phases (S5-S7) [89]. However, only black 
precipitates of magnetite observed at 80 
o
C (S8); phase was confirmed by XRD. Figure 
4.2 demonstrates TEM images of samples S5-S8 prepared at (a) 20, (b) 40, (c) 60, and (d) 
80 
o
C. The average particle size estimated from TEM images are ~3.5, ~8.5, ~9.3 and 
~10.4 nm, respectively. As the synthesis temperature raised from 20 to 80 
o
C, the average 
particle size increased from ~3.5 to ~10.5 nm owing to the change in crystal growth rate 
during Ostwald ripening [17]. A large number of tiny particles clearly observed due to 
the nucleation of iron oxide NPs (Figure 4.2a). The nuclei grow in size with temperature, 
and homogenous magnetite NPs formed at 80 
o
C due to complete crystal growth (Figure 
4.2d). Moreover, the elevated temperature, i.e., 80 
o
C reduces the surface defects, 
improve crystallinity and maximize supersaturation of magnetite NPs [89]. A further 









Figure 4.2: TEM images of samples S5-S8 prepared at temperature of (a) 20, (b) 40, (c) 






4.1.3 Effect of reaction time on growth of MNPs 
It is essential to know about reaction time for complete crystal growth of NPs 
during co-precipitation. Therefore, we investigated the effect of reaction time on 
properties of MNPs by collecting sample after 0.5, 1.0, 2.0, and 4.0 h while keeping the 
stirring rate ~500 rpm, temperature ~80 
o
C, and pH ~9.0 as mentioned in Table 3.1 (S9-
S12). It was observed that color of iron oxide precipitates changes to dark black, black, 
brownish black and brown with reaction time because the magnetite NPs are unstable and 
easily transformed to maghemite due to oxidation. Moreover, various electron or ion 
transfers also involved in forming maghemite due to the decrease in pH of the suspension 
with time when NH4OH was utilized as a precipitating agent [90]. Figure 4.3 displays 
TEM images of MNPs samples (S9-S11) collected after various interval of reaction time. 
After 0.5 h of co-precipitation, tiny nuclei along with the NPs observed due to incomplete 
crystal growth as indicated by arrows in Figure 4.3(a). It produces inhomogeneity with 
broader particle size distribution. Therefore, high-resolution TEM image of the same 
sample was also recorded by focusing the tiny particles only which clearly indicates that 
some nuclei are still growing gradually with time as demonstrated in Figure 4.3(b). The 
complete growth of stable NPs was observed after 1 h of running reaction (Figure 4.3c). 
A further increment of time increases the size of NPs due to continuous nucleation 
growth at 80 
o











Figure 4.3: TEM images of MNPs samples (S9-S11) collected after (a, b) 0.5 h, (c) 1.0 h, 




4.1.4 Effect of pH on particle size and magnetic properties of MNPs 
The pH has significant contribution in controlling the particle size and magnetic 
properties of magnetite NPs during co-precipitation. The complete co-precipitation of 
magnetite NPs occurred at high pH ~10 [20, 90, 91]. While, various forms of iron oxides 
dominated at pH < 7.0 [23]. Therefore, it‘s challenging to synthesize pure magnetite 
phase with less concentration of OH
-
 ions. Thus, the effect of pH on particle's size and 
iron oxide phase was investigated at pH below (4.5, 6.0) and above (7.5, 9.0) the neutral 
medium. The remaining reaction conditions, i.e., stirring rate ~500 rpm, temperature ~80 
o
C, and reaction time ~1.0 h were kept constant as presented in Table 3.1 (S13-S16). The 
light brown color of precipitates was observed below 7 pH due to the stable 
intermediates, i.e., goethite (α-FeOOH), and ferrous hydroxide (Fe(OH)2) along with 
magnetite formation [23]. The dark brown color of the precipitates formed at pH ~7.5 
contained a major portion of magnetite NPs. Moreover, black precipitates of pure 
magnetite NPs observed at pH~9.0 due to the complete co-precipitation reaction; the 
phase was confirmed via XRD. Figure 4.4(a-d) reveals TEM images of samples (S13-
S16) prepared at pH value of (a) 4.5 (b) 6.0, (c) 7.5, and (d) 9.0, respectively. The 
average particle size decreased, and more homogenous particles produced as pH of the 
reaction mixture increased from 4.5 to 9.0. The similar findings are reported in the 
literature [88, 92]. Therefore, the optimum pH is 9.0 to synthesize pure, smaller and 
homogenous magnetite NPs with an average diameter of ~10.4 ± 1.7 nm. Further increase 










Figure 4.4: TEM images of samples (S13-S16) prepared at pH value of (a) 4.5 (b) 6.0, 




4.1.5 Effect of precipitating agents on shape of MNPs 
Various precipitating agents like NH4OH, KOH, NaOH, and (C2H5)4NOH can be 
utilized for the synthesis of MNPs by co-precipitation [10, 20]. The studies reveal that the 
precipitating agents have a significant effect on the size, shape, and magnetic properties 
of magnetite NPs. Moreover, it is reported that the saturation magnetization of magnetite 
NPs increased as the strength of reducing agent decreased as follows [93]:  KOH < 
NaOH < LiOH < NH4OH. Based on the preliminary studies, the effect of precipitating 
agents, i.e., NH4OH, KOH, and NaOH on the synthesis of MNPs was investigated. Rest 
of the optimized parameters, i.e., stirring rate ~500 rpm, temperature ~80 
o
C, reaction 
time ~1.0 h, and pH ~9.0 were kept constant as presented in Table 3.1 (S17-19). The 
different shapes of magnetite NPs observed by various precipitating agents indicates that 
the strength of precipitating agent plays a vital role in controlling the growth rate of 
crystal facets in different directions. The spherical shaped NPs were prepared with 
NH4OH having average particle diameter ~9.1 ± 1.5 nm (Figure 4.5a). The spherical 
shape was predominantly formed due to its least surface free-energy compared to other 
shapes [8]. However, KOH gives a mixture of spherical (~9.8 ± 1.7 nm) and irregular 
(~19.6 ± 3.8 nm) shaped NPs (Figure 4.5b). Owing to the highest strength of KOH, the 
faster growth rate of crystal facets observed in various direction. Moreover, NaOH 
produces cubic shaped magnetite NPs having average size ~11.5 ± 2.5 nm (Figure 4.5c). 
The cubic shape was predominantly formed due to the faster crystal growth along (1 1 1) 
direction compared to (1 0 0) plane [94]. The comparison indicates that the smallest 
particle size ~9.1 ± 1.5 nm was achieved using NH4OH, which is much lower than the 




Figure 4.5: TEM images of samples (S17-S19) synthesized via (a) NH4OH, (b) KOH, 
and (c) NaOH. 
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The magnetic NPs shows superparamagnetic behavior below the critical size (Dp) 
[24]. The approximate value of Dp can be calculated for spherical shaped NPs using 
equation 4.1 [24]. 
Vp = kb T / K                (4.1) 
Where Vp is volume of spherical shaped NPs, kb denotes Boltzmann constant, and 
T is absolute temperature. The magnetic anisotropy constant (K) is temperature 




 at 300 K for Fe3O4 NPs [96]. From 
equation 4.1, the estimated value of Dp for superparamagnetic behavior of magnetite NPs 
is ~25 nm. TEM results indicate that as-synthesized MNP-NH4OH, MNP-KOH, and 
MNP-NaOH NPs have sizes < 25 nm which affirm their superparamagnetic behavior. 
The comparative study confirm that controlling reaction parameters and selectively 
choosing reducing agents during co-precipitation, we can selectively design MNPs of the 
desired size and shape for advanced applications. 
4.1.6 Crystal structure, phase, and surface composition analyses of MNPs 
 The phase purity and crystal structure of as-synthesized MNPs were investigated 
through XRD analysis. Figure 4.6(a) displays the diffraction patterns of MNPs prepared 
by co-precipitation using three different reducing agents (NH4OH, KOH, and NaOH). 
The observed diffractograms match-well with standard pattern (JCPDS card no. 71-6339) 
indicating the formation of the magnetite phase [97]. The five major diffraction peaks 
appeared at 2θ = 30.50°, 35.87°, 43.65°, 57.54°, and 63.28° assigned to (2 2 0), (3 1 1), (4 
0 0), (5 1 1), and (4 4 0) crystalline planes, respectively [97]. Moreover, no additional 
peaks were detected in diffraction profiles, indicating the formation of pure magnetite 
phase. According to crystal structure analysis, magnetite NPs exhibit cubic inverse spinel 
57 
 
structure with Fd-3m space group [98]. The average crystallite size of magnetite NPs was 
evaluated from (3 1 1) diffraction plane using Debye−Scherrer equation [99, 100]. It was 
found to be ~11.2, ~12.0, and ~13.9 nm for MNP-NH4OH, MNP-KOH, and MNP-
NaOH, respectively (Table 4.1). The cubic unit cell parameters (a) and cell volume (V) 
for MNPs are also provided in Table 4.1. The comparison indicates that estimated values 
of average crystallite sizes of MNPs are consistent with unit cell parameters and cell 
volume. Moreover, average crystallite size, cell parameters and cell volume increase in 
the following order of precipitating agents: NH4OH < KOH < NaOH. This order 
indicates that reducing agent plays a pivotal role in controlling the crystal structure and 
dimensions of NPs. Moreover, calculated values of crystallite sizes are also agree-well 
with particles sizes estimated from TEM images. It is well-established that magnetite 
(Fe3O4) and maghemite (γ-Fe2O3) exhibit almost similar XRD profiles [101]. Therefore, 
phase analysis of as-synthesized MNPs was further investigated through SERS and XPS 
techniques, which exclusively confirm the presence of various iron oxides phases, i.e., 
magnetite, maghemite, and hematite.  
 The surface composition of as-synthesized MNPs was further elucidated via 
SERS technique, which exclusively determines various phases of iron oxides NPs by 
detecting their Raman active phonon modes [102, 103]. Figure 4.6(b) shows Raman 
spectra of freshly synthesized powder samples. The observed Raman spectra are almost 
similar to each other and show the broad bands with low signal-to-noise ratio. The broad 





 corresponded to phonon modes (A1g) of Fe3O4  and γ-Fe2O3, respectively 
[102, 103]. This indicates the coexistence of Fe3O4 with γ-Fe2O3 phase at the surface of 
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NPs due to overoxidation of NPs surfaces [10]. Moreover, two broad bands having center 
near ~505 cm
-1
 and 340 cm
-1 
associated with Eg and T2g modes of the admixture (Fe3O4, 
γ-Fe2O3) respectively [10, 101]. A similar phenomenon, i.e., coexistence of Fe3O4 with γ-
Fe2O3 at the outermost surface of magnetite NPs is reported in the literature [10]. This is 













Table 4.1: Parameters evaluated from XRD, Raman, and TEM results of MNPs. 
 
  


















MNP-NH4OH 11.2 8.299 571.7 Fe3O4 Fe3O4 + γ-Fe2O3 Spherical 9.1 ± 1.5 
MNP-KOH 12.0 8.303 572.4 Fe3O4 Fe3O4 + γ-Fe2O3 
Spherical 
Irregular 
9.8 ± 1.7 
19.6 ± 3.8 




XPS technique was utilized to determine oxidation states of constituents elements 
present in MNPs. Figure 4.7(a,b) shows Fe 2p spectra of MNP-NH4OH, MNP-KOH, and 
MNP-NaOH before and after 50s etching, and obtained spectral lines are labeled 
according to their binding energies. XPS profiles of Fe in Figure 4.7(a) exhibit two 
distinct asymmetric peaks appeared at binding-energies values of 711.0 and 724.5 eV 
with spin-orbit splitting, Δ = 13.5 eV corresponded to Fe 2p3/2 and Fe 2p1/2 of γ-Fe2O3 
phase. Furthermore, the appearance of satellite peaks at 719.0 eV in Fe profiles (encircled 
in Figure 4.7a) confirm the presence of γ-Fe2O3 phase [104]. It is reported that Fe 2p3/2 
does not have a satellite peak for Fe3O4 phase [15, 104, 105]. After 50s of etching (Figure 
4.7b), Fe 2p3/2 and Fe 2p1/2 peaks shifted to the binding-energy values of 710.6 and 724.1 
eV (Δ = 13.5 eV) with no satellite peak, which confirms the presence of Fe3O4 phase in 
the bulk material. The observed spectra match well with the standard Fe3O4 sample [104]. 
N2 adsorption-desorption isotherms of MNPs synthesized by NH4OH, KOH, and 





 at STP) as provided in Figure 4.8(a). The specific surface area and porosity of MNPs 
were estimated from their isotherms. Brunauer, Emmett, and Teller (BET) surface area of 
MNP-NH4OH, MNP-KOH, and MNP-NaOH were found to be 101.4, 81.5, and 75.3 m² 
g
-1





) were evaluated from Barrett-Joyner-Halenda (BJH) adsorption 
isotherms (Figure 4.8b), respectively. Further, BET and BJH results suggest that 
synthesized MNPs are slightly mesoporous. From the interpretations of adsorption 
isotherms, it was observed that pore sizes and pore volumes of the catalysts are in good 












4.1.7 Stability and magnetic properties of MNPs 
The magnetic character and stability of magnetite NPs in the harsh saline 
environment have vital importance for their ultimate application in oil reservoirs. 
Therefore, magnetic response to applied magnet and colloidal stability of as-synthesized 
MNPs were examined in artificial seawater (ASW) having salinity 36.03 g L
-1
 and pH 
~8.0. Figure 4.9(a-c) demonstrates the stable dispersion of (a) MNP-NH4OH, (b) MNP-
KOH, and (c) MNP-NaOH in ASW environment in the absence of applied magnetic 
field. It was observed that synthesized Fe3O4 NPs possess hydrophilic characteristics due 
to the presence of -OH groups on their surface, which is expected due to the 
hydroxylation process during co-precipitation [106]. After applying magnetic field, it was 
observed that MNPs show magnetic behavior and strongly attracted by the magnet, as 
demonstrated in Figure 4.9(d-f). Moreover, MNPs remained stable without oxidation in 
the saline environment for a period of one week because the magnetite NPs are pH-
dependent and their surfaces are easily oxidized to other forms of iron oxides/hydroxides 
in aqueous media when pH < 7 [19]. Owing to their stability and magnetic behavior, 












Figure 4.9: Magnetic behavior of MNP-NH4OH, MNP-KOH, and MNP-NaOH samples 





MNPs have been prepared via chemical co-precipitation method in the aqueous 
medium. The influence of various reaction parameters, i.e., (i) stirring rate, (ii) 
temperature, (iii) reaction time, (iv) pH, and (v) precipitating agents on particle‘s growth, 
size, shape, and morphology of MNPs was comprehensively investigated via TEM. The 
size of magnetite NPs was reduced by increasing stirring speed from 100 to 500 rpm, and 
homogeneous particles (~10.3 nm) observed at 500 rpm. As the synthesis temperature 
was raised from 20 to 80 
o
C, the average particle size increased from ~3.5 to ~10.5 nm 
owing to the change in crystal growth rate during Ostwald ripening. The complete crystal 
growth of stable NPs was observed after 1 h of running reaction. The mixture of iron 
oxide phases was formed below pH 9, while pure magnetite phase observed at pH~9.0 
due to the complete co-precipitation reaction. After optimizing all the reaction 
parameters, spherical and cubic shaped NPs having size (9.1 ± 1.5 nm) and (11.5 ± 2.5 
nm) were produced via NH4OH and NaOH, respectively is more advantageous as 
compared to some previously reported thermal decomposition strategies [107, 108]. XRD 
analysis of as-synthesized MNPs reveals the formation of magnetite phase having cubic 
inverse spinel structure with Fd-3m space group. The average crystallite sizes were found 
to be ~11.2, ~12.0, and ~13.9 nm for MNP-NH4OH, MNP-KOH, and MNP-NaOH, 
respectively. Raman active phonon (A1g, Eg, and T2g) modes of MNPs via SERS indicate 
the coexistence of Fe3O4 with γ-Fe2O3 phase at the surface of NPs due to overoxidation 
of NPs surfaces. Moreover, XPS (Fe 2p) spectra of MNPs indicate the presence of γ-
Fe2O3 at the surface, while pure Fe3O4 phase in the bulk material. BET surface area 
(101.4, 81.5, and 75.3 m² g
-1
) and BJH porosity from the adsorption isotherms of MNP-
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NH4OH, MNP-KOH, and MNP-NaOH indicates their feasibility for catalytic 
applications. The magnetic character and stability of MNPs in the harsh saline 
environment (36.03 g L
-1
) suggests their suitability for oil reservoir applications. This 
study affirms that by controlling the reaction parameters, we can selectively design Fe3O4 






4.2 Material characterization of SPIONs 
To obtain superparamagnetic characteristics of magnetite NPs, the hydrophilic 
and hydrophobic SPIONs were synthesized via solvothermal method as described in 
previous sections 3.2.1 and 3.2.2, respectively. PEG-400 and OLA were selectively 
employed to achieve hydrophilic and hydrophobic functionalities on the surface of 
SPIONs, respectively. For comparison, uncoated-SPIONs were also prepared by co-
precipitation method using NH4OH as precipitating agent (section 3.2.3). The synthesized 
PEG-Fe3O4, OLA-Fe3O4, and Fe3O4 were well characterized via XRD, XPS, DSC, 
FESEM, TEM, and ICP-AES. Finally, the functionality and colloidal stability of as-
synthesized SPIONs was monitored in their respective environment for oil reservoir 
applications. 
4.2.1 Crystal structure, phase, and surface composition analyses of SPIONs 
The phase purity and crystal structure of as-synthesized SPIONs were examined 
via XRD analysis. Figure 4.10 shows the diffractograms of three types of magnetic NPs 
synthesized using PEG, OLA, and NH4OH. The observed diffraction profiles are 
consistent with the standard pattern (JCPDS card no. 65-3107) indicating the formation 
of pure magnetite phase [97, 109]. The six major diffraction peaks observed at 2θ 
positions of 30.08°, 35.50°, 43.22°, 53.65°, 57.13° and 62.75° assigned to (2 2 0), (3 1 1), 
(4 0 0), (4 2 2), (5 1 1), and (4 4 0) crystalline planes, respectively [97, 109]. According 
to structure analysis, the magnetite NPs exhibit cubic inverse spinel structure with Fd-3m 
space group [98]. The comparison of XRD profiles reveals that peak intensities decrease 
after surface functionalization of magnetite NPs due to the amorphous nature of capping 













The average crystallite sizes of magnetite NPs as evaluated using Debye−Scherrer 
equation [111] were found to be ~13.3, ~14.1, and ~9.6 nm for PEG-Fe3O4, OLA-Fe3O4, 
and Fe3O4, respectively. The cubic unit cell parameters (a) and cell volume (V) for as-
synthesized NPs are reported in Table 4.2. The comparison indicates that PEG-Fe3O4 and 
OLA-Fe3O4 have almost similar values of unit cell parameters, perhaps owing to the same 
synthetic protocol (solvothermal method). However, the uncapped-Fe3O4 NPs 
synthesized via the co-precipitation method possess lower unit cell parameters. This 
difference of values indicates that synthetic protocols play a decisive role in controlling 
the crystal structure of NPs [10]. It is well-documented that magnetite (Fe3O4) and 
maghemite (γ-Fe2O3) exhibit almost similar XRD patterns [101]. Therefore, the phase 
analysis of as-synthesized SPIONs was further explored via XPS technique, which 
exclusively determines various phases of iron oxides, i.e., magnetite, maghemite, and 
hematite. 
A survey of PEG-Fe3O4, OLA-Fe3O4, and Fe3O4 spectra (Figure 4.11a) shows the 
presence of Fe 2p, N 1s, O 1s, and C 1s features. The observed spectral lines are labeled 
according to their binding energies. For C1s, the adventitious/aliphatic carbon (C−C) 
peak detected at 284.8 eV was used as a reference. Figure 4.11(b) shows XPS profiles of 
PEG-Fe3O4, OLA-Fe3O4, and Fe3O4 freshly synthesized powder samples. The observed 
spectra are almost similar to each other as well as with the standard Fe3O4 sample [104]. 
It is reported elsewhere that Fe 2p3/2 does not have a satellite peak for Fe3O4 phase [15, 
104, 105]. Similarly, the absence of satellite peak at 719.0 eV here further confirms the 
magnetite phase of as-synthesized iron oxide NPs. Moreover, the two distinct asymmetric 
peaks observed at binding-energy values of 710.6 and 724.1 eV (spin-orbit splitting, Δ = 
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13.5 eV) corresponded to Fe 2p3/2 and Fe 2p1/2 further confirm Fe3O4 phase (711.0 and 












Table 4.2: Summary of various parameters evaluated for as-synthesized SPIONs. 
 





















C, 24 h 
Polyethylene 
glycol-400 




C, 24 h 




C, 1 h 
Ammonium 
hydroxide 









4.2.2 Surface functionalization of SPIONs 
The presence of hydrophilic and hydrophobic coating on the surface of SPIONs 
was investigated using two complementary techniques: XPS and DSC. The XPS profiles 
also give evidence for the presence of an amorphous coating on the surface of the NPs. 
The presence of amine (−NH2) groups in XPS spectrum of OLA-Fe3O4 indicates surface 
functionalization of the NPs. It is reported that the binding-energy values corresponding 
to bonded amines are  observed in the range 398−400 eV [112]. A symmetric peak with 
low intensity detected at 399.7 eV in the N 1s spectrum (Figure 4.12a) attributed to −NH2 
group of OLA in which nitrogen is coordinated with metal oxide NPs [113]. The 
observed binding-energy is consistent with the literature value for amine-capped NPs 
[112, 114]. Figure 4.12(b-d) reveal the deconvoluted high-resolution XPS spectra of the 
O 1s component for PEG-Fe3O4, OLA-Fe3O4, and Fe3O4, respectively. Two characteristic 
peaks observed in all O 1s spectra at ~530.0 and ~531.6 eV belong to Fe−O of iron oxide 
NPs core [10] and hydroxyl group (−OH) [115], respectively. Additionally, a strong 
shoulder peak detected at 532.4 eV in O 1s profile of PEG-Fe3O4 (Figure 4.12b) assigned 
to C−O group of PEG-400 in which oxygen atoms are bonded to aliphatic carbon [115, 
116]. The existence of Fe−O and C−O confirms the surface functionalization of Fe3O4 
NPs with PEG groups. 
Furthermore, DSC technique was employed to investigate the organic surface 
coating, thermal stability, and phase transformations of the magnetite NPs at elevated 
temperature. Figure 4.13 shows the thermal behavior of uncoated and coated SPIONs in 
the temperature range of 20–500 °C. From the DSC curve of uncoated-Fe3O4, it is quite 





C under an N2 environment. However, a small exothermic process observed in the 
temperature range 125–200 °C could be attributed to the removal of hydroxyl (−OH) 
groups adsorbed during co-precipitation on the surface of uncoated-Fe3O4. In the case of 
coated NPs (PEG-Fe3O4 and OLA-Fe3O4), DSC curves show multi-step exothermic 
processes in the range of 150–400 °C with maxima at 279 and 275 °C, which are 
attributed to the decomposition of organic capping agents, i.e., PEG-400 and OLA 
fractions, respectively [117, 118]. The observed thermal behavior of PEG-Fe3O4 and 








Figure 4.12: (a) High-resolution XPS profile of N 1s for OLA-Fe3O4 and (b-d) 












Figure 4.13: Comparative DSC curves of Fe3O4, OLA-Fe3O4, PEG-Fe3O4 SPIONs along 
with pure oleylamine (OLA) and polyethylene glycol (PEG). 
  





















































4.2.3 Surface morphology and particle size analysis of SPIONs 
Surface morphology and particle size of as-synthesized SPIONs were investigated 
via FESEM and TEM techniques. Low and high-resolution FESEM images of PEG-
Fe3O4, OLA-Fe3O4, and Fe3O4 are shown in Figures 4.14 - 4.16, respectively. From the 
micrographs of PEG-Fe3O4 (Figure 4.14) and OLA-Fe3O4 (Figure 4.15), it can be clearly 
observed that the synthesized SPIONs have almost a spherical shape and single 
distribution. However, aggregation and lumps have been observed in the case of 
uncapped-Fe3O4 NPs synthesized by the co-precipitation method, as indicated by red 
circles in Figure 4.16(a, b). The comparison indicates that the solvothermal protocol 
allows control of shape and size of NPs as compared to the co-precipitation method. 
Spherical shaped NPs are predominantly formed in the synthesis of Fe3O4 owing to the 
low surface area per unit volume, and hence minimum surface free-energy [8]. It is 
because, the nucleation rate per unit area is isotropic at the NP interfaces, which results in 
minimization of surface free-energy [8]. Therefore, the equivalent growth rate in all 
directions of nucleation leads to the formation of spherical NPs. 
Low and high-resolution TEM images of PEG-Fe3O4, OLA-Fe3O4, and Fe3O4 are 
shown in Figures 4.17-4.19, respectively. The images clearly indicate that PEG-Fe3O4 
(Figure 4.17) and OLA-Fe3O4 (Figure 4.18) NPs exhibited spherical morphology and 
homogenous distributions, whereas uncoated-Fe3O4 (Figure 4.19) NPs exhibit irregular 
shapes. The average particle diameter of as-synthesized NPs is 11.6 ± 1.4, 12.7 ± 2.2 and 
9.1 ± 3.0 nm for PEG-Fe3O4, OLA-Fe3O4, and Fe3O4, respectively (Table 4.2). The broad 
distribution observed for uncapped-Fe3O4 NPs indicates that the particle size was not 
well-controlled with the co-precipitation method. The comparison also indicates that 
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particle diameters estimated from TEM images are consistent with average crystallite 
sizes observed from XRD. The selected area electron diffraction (SAED) patterns of (a) 
PEG-Fe3O4, (b) OLA-Fe3O4, and (c) Fe3O4 SPIONs (Figure 4.20) are consistent with 
XRD profiles (Figure 4.10) and literature [117]. The SAED patterns also exhibit 
structural homogeneity and a high degree of crystallinity of the synthesized NPs. The 
patterns are indexed based on cubic inverse spinel structure with Fd-3m space group and 





























Figure 4.20: SAED patterns of (a) PEG-Fe3O4, (b) OLA-Fe3O4, and (c) Fe3O4 SPIONs. 
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4.2.4 Functionality and colloidal stability of SPIONs 
The functionality and colloidal stability of SPIONs have key importance for their 
ultimate use in oil exploration industries for reservoir applications. Figure 4.21(A) 
demonstrates functionality tests of (a) PEG-Fe3O4, (b) OLA-Fe3O4, and (c) Fe3O4 in an 
oil-DI water environment. The partitioning observed by naked eye shows that PEG-Fe3O4 
and Fe3O4 NPs have hydrophilic characteristics due to the presence of PEG and OH 
surface functional groups, respectively. The presence of OH groups on the surface of 
Fe3O4 NPs is expected due to the hydroxylation process during co-precipitation [106]. 
Moreover, OLA-Fe3O4 NPs remain in the oil-phase owing to the presence of OLA 
functionality, which induces surface hydrophobicity. 
The colloidal stability of as-synthesized SPIONs was monitored in mixed oil-DI 
water and oil-seawater phases. Figure 4.21(A) demonstrates the stability of (a, d) PEG-
Fe3O4, (b, e) OLA-Fe3O4, and (c, f) Fe3O4 in the oil-DI water phase. It was observed that 
PEG-Fe3O4 and OLA-Fe3O4 NPs remained dispersed in the absence of magnetic field and 
attracted by the applied external magnetic field in their respective environment. On 
removing magnetic field, PEG-Fe3O4 and OLA-Fe3O4 NPs can re-disperse without any 
permanent aggregation and sedimentation. However, the uncapped-Fe3O4 NPs became 
unstable and were not fully attracted by the applied magnetic field. This is because the 
Fe3O4 NPs are pH-dependent and their surfaces are easily oxidized to other forms of iron 
oxides/hydroxides in aqueous media having pH ≤ 7 [19]. Similarly, Figure 4.21(B) 
depicts the stability of (a, d) PEG-Fe3O4, (b, e) OLA-Fe3O4, and (c, f) Fe3O4 in oil-
seawater phases. Similar behavior was experienced by PEG-Fe3O4 and OLA-Fe3O4 NPs. 
Moreover, these NPs remained stable without oxidation in their respective phase for a 
88 
 
period of three months. Importantly, the uncapped-Fe3O4 NPs became stable for a period 
of almost one week and attracted after applying a magnetic field in ASW due to slightly 










Figure 4.21: Functionality and stability test of PEG-Fe3O4, OLA-Fe3O4, and Fe3O4 




4.2.5 Growth mechanism of SPIONs 
The possible growth mechanism of these as-synthesized SPIONs is proposed 
below. The PEG-400 and OLA can be considered high-boiling solvents playing three 
roles (reducing, stabilizing, and capping agents) in the solvothermal synthesis of SPIONs. 
The mechanism of Fe3O4 NPs formation may become more complicated when metal-
organic salts Fe(acac)3 are used as precursors. At the elevated temperature, Fe(acac)3 
precursor decomposes and liberate Fe
3+
 ions. PEG-400 and OLA are oxidized at high 




. PEG-400 being a stronger 
reducing agent generates Fe3O4 NPs at relatively low temperature (180 
o
C), whereas 
OLA, being a mild reducing agent generates the NPs at a relatively higher temperatures 
(280 
o
C). These organic solvent/additives effectively control the particle growth and 
prevent aggregation. Spherical shaped NPs are predominantly formed due to the 
minimum surface free-energy as described above (section 4.2.3) [8]. However, the 




 ions is pH-





 + 8 OH
-  
    Fe3O4 + 4 H2O               (4.2) 
According to Equation 4.2, a complete co-precipitation of Fe3O4 NPs was 





under a non-oxidizing environment. In this case, pH was adjusted to ~9.0 using NH4OH 






In a nutshell, highly-stable hydrophilic and hydrophobic superparamagnetic iron 
oxide nanoparticles (SPIONs) were successfully prepared via single-step solvothermal 
method. The hydrophilic and hydrophobic characteristics were induced on the surfaces of 
the magnetite NPs by adsorbing either polyethylene glycol (PEG-400) or oleylamine 
(OLA), respectively. The additives (PEG-400, OLA) played a triple role, i.e., reducing, 
stabilizing, and capping agent in their respective synthesis process. XRD analysis of 
SPIONs reveals the formation of pure magnetite phase having cubic inverse spinel 
structure with Fd-3m space group. Moreover, the average crystallite size (13.3, 14.1 and 
9.6 nm), unit cell parameters (8.377, 8.385, and 8.299 Å), and cell volume (587.9, 589.4, 
and 571.7 Å
3
) estimated for PEG-Fe3O4, OLA-Fe3O4, and Fe3O4, respectively. The 
presence of C−O (532.4 eV) and −NH2 (399.7 eV) in XPS spectra of N 1s and O 1s 
substantiate the surface functionalization of Fe3O4 NPs with PEG and OLA, respectively. 
TEM images demonstrate the spherical shape NPs having particle diameters 11.6 ± 1.4, 
12.7 ± 2.2, and 9.1 ± 3.0 nm for PEG-Fe3O4, OLA-Fe3O4, and Fe3O4, respectively. The 
hydrophilic and hydrophobic SPIONs were found to be stable in artificial seawater and 




4.3 SPIONs as T2-contrast agents 
4.3.1 NMR relaxation process 
The working principle of NMR spectrometer to determine the relaxation signal of 
any sample is described here in details. Hydrogen atoms behave like tiny magnets and 
randomly oriented having net magnetization zero in the absence of magnetic field. When 
NMR sample is placed in Acorn Area or GeoSpec2 analyzer, the liquid protons aligned in 
the direction of static field (Bo). An alternating magnetic field (B1) is produced with the 
help of radio frequency (RF) pulse which rotates and re-aligns the sample protons in 
direction of B1 (90
o
 to Bo). When RF pulse is turned-off (B1 removed), the liquid protons 
relax and rotate back to the direction of original Bo. A moving magnet in RF coil 
produces a decaying voltage having an exponential shape which provides the 
characteristics relaxation signal for the sample. AreaQuant
TM
 (Acorn Area) and GIT 
Systems (GeoSpec2) software offer various methods to determine both relaxation, i.e., 
T1-relaxation signals using inversion recovery method and T2-relaxation signals via 
CPMG pulse sequence [84]. The ―spin echo‖ (SE) sequence is usually expressed based 
on the repetition of 90° and 180° RF pulses which contains two important terms, i.e., 
echo time (TE) and repetition time (TR) as demonstrated in Figure 4.22. TE represents 
the time between RF excitation pulse and peak of signal induced from the coil, while TR 
refers the time between two consecutive excitation pulses. 
In the inversion recovery method, TE (τ) between a 90° and 180° pulse is 
systematically varied as shown in Figure 4.22a. The resulting free induction decay (FID) 
integrated to determine the magnetization Mz(τ). FID represents the decaying oscillatory 
voltage produced by the sample following an RF pulse. The instrument takes RMS value 
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of each echo then integrates that signal to determine Mz. If τ << T1, Mz < 0. As τ is 
increased, Mz will increase, approaching a limiting value at τ >> T1. Fitting the plot of 
Mz(τ) to a single exponential enables to determine T1-relaxation. 
In the CPMG method, the pulse sequence comprised of a single 90
o
 RF pulse 
followed by a series of 180
o
 pulses as displayed in Figure 4.22b. The time between the 
initial 90° and 180° pulse is termed τ. While the 180° degree pulses are repeated every 2τ. 
An echo occurs at each τ following each 180° pulse until the signal decays. The average 
peak value of each echo is plotted in the display pane following completion of the 
experiment. These values are fitted to a single exponential decay curve which enables to 
measure T2-relaxation. 
The characteristic output profiles obtained from NMR experiments in the form of 
(a) T1- and (b) T2-relaxation curves are shown in Figure 4.23(a,b), respectively. From the 
curves, T1-and T2-relaxation times can be determined using Bloch equations as 
mentioned in Figure 4.23(a,b) [119]. T1 represents is the time required for magnetization 
(Mz) to grow from 0 to 63% of its final value as indicated in Figure 4.23(a). Similarly, T2 
refers the time required for magnetization (Mxy) to decay down from its maximum value 
to 37% as shown in Figure 4.23(b). We utilized NMR based Acorn Area and GeoSpec2 
analyzers to determine T2-relaxation times of SPIONs dispersed in various media. In the 
borehole NMR logging, T2-relaxation measurements become the primary acquisition 
mode because it requires less time as compared to T1-relaxation studies which permit the 
logging and collection of data at commercial speeds. Therefore, T2-relaxation 







Figure 4.22: (a) Inversion recovery and (b) CPMG pulse sequences to attain of T1 and T2 









4.3.2 T2-relaxation measurements and relaxometric properties 
NMR T2-relaxation measurements were performed using Acorn Area analyzer to 
investigate the possibility of employing these SPIONs as T2-contrast agents for oil 
reservoir applications. For a stable NPs dispersion, the relaxation time of liquid bounded 
to NPs surface is much shorter than that of free liquid. The surface and bulk liquids are in 
fast exchange and gives combined relaxation time. Therefore, relaxation rate of NPs 
dispersion (Rd) is the combination of two relaxation rates (surface and free liquid), 
weighted by their relative population as shown in the following equation 4.3 [84]. 
Rd = 1/Td = ps Rs + pb Rb  (4.3) 
Where, Td = Relaxation time of NPs dispersion 
ps = Fraction of liquid at the surface of NPs 
pb = Fraction of liquid in the bulk 
Rs = Relaxation rate of surface liquid 
Rb = Relaxation rate of bulk liquid 
 T2-relaxation measurements were carried out for various concentrations of Fe in 
the as-synthesized SPIONs (Figure 4.24). Before the relaxation measurements, the Fe 
contents present in the samples were estimated with the help of ICP-AES analysis; being 
57.9, 61.5, and 68.8 wt.% of Fe content for PEG-Fe3O4, OLA-Fe3O4, and Fe3O4, 
respectively. For this purpose, six various concentrations of Fe (mM), i.e., 0.012, 0.024, 
0.060, 0.12, 0.24, and 0.48 were prepared to see the relaxometric properties of 
hydrophilic and hydrophobic samples in ASW and model oil, respectively. 
 T2-relaxation signals of (a) PEG-Fe3O4, (b) OLA-Fe3O4, and (c) Fe3O4 SPIONs 
with respect to Fe concentration are shown in Figure 4.24. The significant quenching of 
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T2-relaxation signals was observed with increasing concentration of SPIONs. For 
comparison, T2-relaxation curves and relaxation times of pure DI water, ASW, 
cyclohexane, hexadecane, and model oil are also provided in Figure 4.25. The relaxation 
process took place due to energy exchange between neighboring protons in solvent 
molecules. SPIONs induce inhomogeneity in the presence of an applied magnetic field, 
which results in de-phasing of magnetic moments of protons and leads to the quenching 
of the T2 signal. The decrease in T2-relaxation time with Fe concentration indicates that 
these NPs can act as promising T2-contrast agents for oil reservoir applications.  
 The relaxivity properties were investigated by plotting various Fe concentrations 
(mM) against relaxation time (1/T2, s
-1
), as shown in Figure 4.24(d). The r2 value can be 
estimated from the slope of equation 4.4 [120].  
 1/T2 = 1/T2
o
 + r2 [Fe]                   (4.4) 
 Where, T2, T2
o
, r2, and [Fe] are the relaxation time of NPs dispersion, pure 
solvent, transverse relaxivity and iron concentration (mM). The estimated r2 values were 




 for PEG-Fe3O4, OLA-Fe3O4, and Fe3O4 
SPIONs respectively. The higher r2 values for PEG-Fe3O4 and OLA-Fe3O4 indicate that 
the capped-Fe3O4 show excellent relaxivity properties owing to their higher dispersion in 
the respective media as compared to uncapped-Fe3O4. The estimated r2 value for PEG-









) [7]. Moreover, the 
comparison of various T2-contrast agents is provided in Table 4.3. The outcomes suggest 
that these functionalized SPIONs can be effectively used as T2-contrast agents for 







Figure 4.24: T2-relaxation curves observed for various Fe concentrations of (a) PEG-
Fe3O4, (b) OLA-Fe3O4, and (c) Fe3O4 SPIONs, respectively. (d) Inverse of relaxation 










Figure 4.25: T2-relaxation measurements for pure DI water, ASW, cyclohexane, 

























Fe3O4 Polyol H2O, PBS 8 1.5 82.7 [121] 
USMIO-Fe3O4 Co-precipitation H2O 6.6 0.47 33.9 [122] 
MION-Fe3O4 Co-precipitation --- 4.6 --- 34.8 [123] 
USPIO-Fe3O4 Co-precipitation 0.9 % saline 4.9 0.47 53.1 [124] 
US-Fe3O4 Co-precipitation pH: 5.3-8.5 4.6 7 64.4 [15] 
US-Fe3O4 Co-precipitation pH: 5.3-8.5 2.2 7 28.6 [15] 
PEG-Fe3O4 Solvothermal H2O, seawater 11.6 1.5 66.7 This Work 
OLA-Fe3O4 Solvothermal H2O, seawater 12.7 1.5 49.0 This Work 
*US: Ultra-small, MIO: Magnetic iron oxide, PIO: Paramagnetic iron oxide, PBS: 





NMR T2-relaxation measurements were performed by an Acorn Area analyzer to 
demonstrate the quenching of T2-relaxation signals with the increase in concentration of 









) were 2.07 and 1.53 times higher 


















) [7] as well as reported values 
in literature (Table 4.3). The observed (i) quenching of T2-relaxation signals with 
optimum SPIONs concentration, (ii) excellent relaxivity properties due to their ultra-
small size, and (iii) long-term stability in different media, suggest them to be promising 




4.4 SPIONs for oil/water signal separation 
4.4.1 Classification of crude oil based on API gravity 
Before the application of as-synthesized SPIONs as contrast agents for oil/water 
signal separation, the type of crude oil utilized and its specific gravity were investigated. 
The specific gravity scale relative to water has been established by American Petroleum 
Institute (API) to express the classification of crude oil, i.e., heavy, medium or light. It‘s 
also utilized to compare the densities of various petroleum liquids. API gravity of any 
petroleum liquid can be calculated using following equation 4.5,  
API Gravity = [141.5 / SG] - 131.5  (4.5) 
Where, SG is the specific gravity of petroleum liquid comparative to density of 
water. Mathematically, API gravity is a dimensionless quantity but it is measured in 
degrees on a hydrometer instrument and its values lies in the range between 10 and 70 
degrees. If API gravity of the fluid is > 10, then it will floats on water. Conversely, if the 
API gravity is < 10, then it will sink in water. Therefore, API gravity is an inverse of 
petroleum liquid's density with respect to the density of water. Various petroleum fluids 
produced from Saudi oil-fields can be categorized relative to their API gravity, as 
mentioned in Table 4.4. The classification of crude oil and API gravity data was extracted 
from annual review (2011) published by Saudi Aramco. Moreover, Figure 4.26 describes 
the API (degrees) of extra heavy oil, heavy oil, medium oil, light oil, condensate and 
LNG/CNG relative to their specific gravities. API value increased form 0-90, as the 
specific gravity decreased from 1.10-0.60. Two types of Arabian light crude oil (ALCO) 
utilized in our NMR experiments were taken from Saudi Aramco fields having specific 











Table 4.4: Classification of crude oil produced from Saudi Arabian oil-fields. 
Sr. # Crude oil API Gravity Off-Shore Fields 
1 Arabian Heavy < 29
o
 Al-Safaniah 
2 Arabian Medium 29-32
o
 Qatif and Khursaniyah 
3 Arabian Light 32-36
o
 Gawwar and Abu Hadrayah 
4 Arabian Extra Light 36-40
o
 Abqaq and Berri 
5 Arabian Super Light > 40
o
















4.4.2 T2-relaxation mechanism in porous media 
For the fluid-saturated porous media, total T2-relaxation time of proton spins 
comprised of three independent relaxation mechanisms, i.e., bulk, surface, and diffusion 




 = T2-relaxation time without contrast agent 
[C] = concentration of paramagnetic component 
r2 = transverse relaxivity constant 
ρ2 = surface relaxivity of grains 
S/V = ratio of pore surface to fluid volume 
D = molecular diffusion coefficient of pore fluids 
γ = gyromagnetic ratio of a proton nuclei 
G = internal magnetic field gradient (G/cm) 
TE = echo time in the CPMG sequence 
Equation 4.10 describes the total T2-relaxation time of SPIONs solution in porous 
media. Under the fast-diffusion process, the diffusion relaxation (T2diffusion) could be 
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neglected due to its much smaller value as compared to surface relaxation (T2surface) [126]. 
Moreover, the surface relaxation process becomes dominant when a short TE is used. 
4.4.3 T2-distribution and porosity interpretation 
For the analysis of various fluid-components, NMR T2-relaxation signal must be 
transformed from time scale to continuous two-dimensional T2-distribution by Laplace 
inversion technique [125]. T2-relaxation data of multi-components obtained from ―NMR-
Acorn area analyzer‖ can be inverted manually using UpenWin and regularization 
software. However, the T2-signal attained from ―NMR-GeoSpec2 core analyzer‖ 
automatically transformed to its sample components using GIT software coupled with the 
spectrometer. NMR relaxation measurements exclusively provide the information about 
the porosity of rocks [125]. For multi-components of fluid, a typical T2-relaxation curve 
obtained from the relaxation experiment represents the total porosity as well as indicates 
the presence of large, medium, and small pores as labeled in Figure 4.27(a). NMR T2-
relaxation signal can be transformed to T2-distribution via Laplace inversion technique as 
shown in Figure 4.27(b). The T2-distribution of any fluid in the sandstone or carbonate 
rocks typically represents a bimodal system. The total porosity (ϕT) is the summation of 
clay-bound water (CBV), bulk volume irreducible (BVI) and bulk volume movable 
(BVM) as shown in equation 4.11 [125]. Moreover, the effective porosity (ϕe) is the 
summation of BVI and BVM as given in the following equation 4.12.  
ΦT = CBV + BVI + BVM  (4.11) 
Φe = BVI + BVM   (4.12) 
CBV represents immobile structurally bound water on the surface of clay 
minerals which cannot be displaced by hydrocarbons and has very short T1- and T2-
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relaxation times. BVI refers to capillary-bound water which is a fractional part of 
formation volume occupied by immobile fluids and has relaxation time in-between the 
CBV and BVM. BVM denotes free-fluid index (FFI) which is the fractional part of 
formation volume occupied by movable fluids. It can be water, gas, oil, or their 
combination and has a high value of T1- and T2-relaxation times as compared to BVI and 
CBV. The dividing line between BVI and BVM is referred as T2-cutoff which is an 
important parameter for petrophysicists in the oil and gas industry (Figure 4.27b). 
Generally, T2-cutoff value is 92 ms and 33 ms for carbonate and sandstone rocks, 
respectively [125]. However, these values are not fixed due to various porosity of the 
rock sample. 
For a single component of fluid and uniform geometric shape of the pores, T2-
relaxation time is directly related to the pore size. The largest pores and free-fluid have 
the lowest S/V ratio, yielding the longest T2-relaxation time. While the smallest pores and 
bound-fluid have the highest S/V ratio, yielding the shortest T2-relaxation time as 
presented in Figure 4.28. For a single component of fluid and non-uniform geometric 
shape of pores, T2-relaxation curve comprised of multiple T2-values which can be 
estimated from T2-distribution. Therefore, T2-values can be affected by the pore size and 
nature of the fluid present in the pore such as oil, gas, water, or their combination. 
Moreover, Table 4.5 provides the overall comparison of NMR-based spectrometers i.e., 

















Table 4.5: Comparison of NMR-based spectrometers utilized for T2-measurements. 
NMR-GeoSpec2 Core Analyzer NMR-Acorn Area Analyzer 
 Bench-top NMR spectrometer has higher 
dimensions and weight. 
 Portable bench-top NMR spectrometer 
has smaller size and weight (7 Kg). 
 Very expensive instrument and operates at 
resonating frequency of 2.2 MHz. 
 Relatively cheaper equipment and works 
at resonating frequency of 13.2 MHz. 
 More sophisticated and specially invented 
for rock core analysis. 
 Less sophisticated and particularly 
designed for surface area measurements. 
 Dimensions of rock core are predefined 
such as core length, diameter, volume etc. 
 Standard NMR sample tube is required 
for fluid analysis. 
 Capacity to analyze core having maximum 
diameter 2 inches and length 5 inches. 
 Required sample volume (0.5-1.0 mL). 
 Echo time, repetition time and signal to 
noise ratio (SNR) manually adjusted 
through GIT Systems software. 
 Echo time, repetition time and SNR 




 High-resolution relaxation NMR spectra.  Low-resolution relaxation NMR spectra. 
 Sample analyzed in 6-8 min.  Sample analysis performed in 2-5 min. 
 Analysis can be performed for multi-
components of the fluid. 
 Analysis is limited to only single-
component of the fluid. 
 T1 and T2-relaxation signals automatically 
transformed by Laplace transformation 
and distributed to the sample components. 
 T1 and T2-relaxation signals data can be 
transformed manually using secondary 
UpenWin and regularization software. 
 Provides 1-D image of the fluid in the core 
and can be extended to 2-D imaging. 
 No imaging of fluid is possible. 
 Delivers significant color contrast effects.  No color contrast effects. 
 Overall, designed for multi-components 
analysis in actual rock core at lab scale. 
 Only, suitable for T1 and T2-





4.4.4 T2-distribution for carbonate and sand packs 
 T2-relaxation measurements for various sample packs were performed using a 
dedicated NMR GeoSpec2 spectrometer. The relaxation data was attained in the form of 
decay curves and transformed into T2-distribution via Laplace inversion technique using 
GIT system software coupled with the instrument. The brine having salinity 36.03 g L
-1
 
was utilized for the water phase, while Arabian light crude oil (ALCO) having API 
gravities 35 and 43 were used to mimic the oil phase of reservoir. Herein, four cases were 
studied to examine the oil/brine signal overlapping and their separation. Case-1 describes 
the brine and/or oil sample packs in continuous phase and their T2-distributions. Figure 
4.29(a) shows three sample packs i.e., brine, ALCO-35, brine-ALCO-35 (1:1) mixture 
each having fluid quantity ~30 mL. NMR T2-relaxation experiments were performed and 
T2-distribution of brine (blue line), ALCO-35 (black line) and brine-ALCO-35 mixture 
(red line) displayed in Figure 4.29(b). The sample packs exhibited porosity around 100 % 
because the measurements were performed in continuous phase. The observed bulk T2 
times for brine and ALCO-35 are 2512 and 355 ms, respectively. Moreover, the brine-
ALCO-35 mixture didn‘t show any signal overlapping and its T2-distribution signal 
easily differentiates the brine and oil phases due to their different relaxation times. 
 Case-2 represents the carbonate packs saturated with brine and/or oil in porous 
medium, and their T2-distributions. Figure 4.30(a) exhibits three carbonate packs i.e., 
brine, ALCO-35, brine-ALCO-35 (1:1) mixture each having fluid quantity ~10 mL. 
NMR T2-relaxation experiments were performed and the T2-distribution of brine (blue 
line), ALCO-35 (black line) and brine-ALCO-35 mixture (red line) showed in Figure 
4.30(b). The carbonate packs exhibited porosity around 35 % because the measurements 
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were performed in porous medium. The observed T2 times for brine and ALCO-35 are 
2239 and 282 ms, respectively. This indicates that the T2-relaxation times shifted 
downward by decreasing the porosity via carbonate gravels. Similar to Case-1, the brine-
ALCO-35 mixture in carbonate pack still didn‘t show any signal overlapping and the T2-
distribution signal easily differentiates the brine and oil phases due to their different 
relaxation times. 
 Case-3 elaborates various sand packs saturated with brine and/or oil in porous 
medium, and their T2-distributions. Figure 4.31(a) shows three sand packs i.e., brine, 
ALCO-35, brine-ALCO-35 (1:1) mixture each having fluid quantity ~10 mL. NMR T2-
relaxation experiments were performed and the T2-distribution of brine (blue line), 
ALCO-35 (black line) and brine-ALCO-35 mixture (red line) presented in Figure 4.31(b). 
The sand packs exhibited porosity around 30 % which is less than carbonate packs due to 
homogenous and smaller size of the sand particles. The observed T2 times for brine, 
ALCO-35, and brine-ALCO-35 mixture in sand packs are 159, 224, and 199 ms, 
respectively. It means that T2-relaxation times tremendously quenched in the presence of 
sand particles. Moreover, T2-distribution of brine-ALCO-35 mixture in sand pack shows 
strong signal overlapping with only one value of T2-relaxation time (199 ms). Therefore, 
we prepared 30 ppm hydrophilic-SPIONs dispersion in brine (inset of Figure 4.32a) to 
shift the brine signal downward. After incorporating hydrophilic-SPIONs in brine, the 
quenching of T2-signal was observed from 199 to 71 ms, as shown in Figure 4.32(a). 
However, the signal was not completely differentiated due to tight pores in the sand 
packs. Therefore, Gaussian distribution was applied to differentiate the brine/oil signal as 
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demonstrated in Figure 4.32(b). The T2-distribution signal was deconvoluted into two 
portions, which completely resolved the brine (T2 ~75 ms) and oil (T2 ~243 ms) phases. 
Case-4 demonstrates the carbonate packs saturated with brine and/or ALCO-43 
instead of ALCO-35 in porous medium. Figure 4.33(a) displays three carbonate packs 
i.e., brine, ALCO-43, brine-ALCO-43 (1:1) mixture each having fluid quantity ~10 mL. 
NMR T2-relaxation experiments were performed and the T2-distribution of brine (blue 
line), ALCO-43 (black line) and brine-ALCO-43 mixture (red line) presented in Figure 
4.33(b). The observed T2-relaxation times for brine, ALCO-43, and brine-ALCO-43 
mixture in carbonate packs are 1995, 891, and 1412 ms, respectively. Although the T2-
values are different but signal overlapping appeared due to the T2-distribution values in 
log scale (X-axis), which does not allow us to differentiate the brine-oil signal detected in 
carbonate packs. Similar to case-3, we utilized 30 ppm hydrophilic-SPIONs dispersion in 
brine (inset of Figure 4.34) to shift the brine signal downward. After injecting 
hydrophilic-SPIONs in brine, a tremendous quenching of T2-signal in carbonate pack was 
attained from 1412 to 35 ms (Figure 4.34). The observed T2-distribution signal was 
completely resolved into its components i.e., brine (T2 ~35 ms) and oil (T2 ~918 ms) 
phases. 
4.4.5 Summary 
 T2-relaxation measurements for various carbonate and sand packs were performed 
and their T2-distribution signals were successfully attained via Laplace inversion 
technique. Four cases were studied to examine the brine/oil signals overlapping and their 
separation. Case-1 describes the brine/oil sample packs in continuous phase, while case-2 
represents the carbonate packs saturated with brine and/or oil in porous medium. In both 
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cases, no signal overlapping was observed after their T2-distributions. Case-3 elaborates 
the sand packs saturated with brine and/or oil in porous medium, where signal 
overlapping was detected in their T2-distributions. After injecting hydrophilic-SPIONs in 
brine, the shifted T2-signal was deconvoluted into its components by applying Gaussian 
distribution. Case-4 demonstrates the carbonate packs saturated with brine and/or ALCO-
43 instead of ALCO-35 in porous medium, where the signal overlapping was also 
detected due to log scale. After injecting hydrophilic-SPIONs in brine, a tremendous 
quenching of T2-signal in carbonate pack was achieved. The T2-distribution signal was 











Figure 4.30: (a) Carbonate packs saturated with brine and/or oil in porous medium, and 




Figure 4.31: (a) Sand packs saturated with brine and/or oil in porous medium, and (b) 




Figure 4.32: (a) Quenching of T2-signal with hydrophilic-SPIONs in a brine/oil sand 




Figure 4.33: (a) Carbonate packs saturated with brine and/or oil (API-43) in porous 












4.5 3D imaging via computed tomography 
4.5.1 Computed tomography working principle 
A computed tomography scan (CT scan) makes use of computer-processed 
combinations of burst X-ray measurements from various angles to achieve cross-sectional 
(tomographic) images of a specific area [127]. The X-ray source is commonly utilized in 
CT scanner, which makes it non-destructive technique. X-ray micro-computed 
tomography (micro-CT) scanners are utilized for three-dimensional (3D) visualization, 
characterization, and analysis of multiphase systems at the micron level. The principle of 
micro-CT is to measure X-ray attenuation from the sample with an appropriate detector. 
X-ray photons are generated from a point source, penetrate through the sample, and the 
attenuated beams collected on the detector. The sample absorbs a certain amount of X-ray 
photons as determined by sample density, atomic number, thickness, and linear 
attenuation coefficient. The X-ray photons escaped from the rock sample are captured by 
detector and intensity of signals creates a radiograph or ‗projection‘. The projection of X-
ray photons is defined for a specific angular position. A collection of many projections at 
various angles in 360
o
 rotation processed for a 3D reconstruction i.e., ―back-projection‖. 
The back-projected image is a 3D matrix composed of linear attenuation coefficients and 
volumetric picture elements (voxels). The variation in voxel intensity distinguishes the 
structure and material characteristics. The dominant X-ray interactions for high- and low-
energy ranges are ‗photoelectric absorption‘ and ‗Compton scattering‘, respectively 
[127]. X-ray images (projections) of the rock sample are taken at different angles and 
used to reconstruct the sample which provides internal structure and spatial variation in 
composition for multi-phase particles based on differences of X-ray attenuation. 
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4.5.2 3D imaging of rock cores via computed tomography 
CT is a well-known imaging technique for diagnostic biomedical applications 
such as cancer [128] and malignant brain tumor [129] detection as well as rock analysis 
[133]. SPIONs have been utilized as a potential contrast agent in CT for various 
applications [90, 128]. Therefore, the micro-CT was applied to attain 3D images of the 
brine/oil saturated rock cores at various magnifications by changing the optical objectives 
and/or geometric magnification [130]. The micro-CT has unique ability to maintain high-
resolution of image over a large working distance and obtain a maximum spatial 
resolution of 0.7 µm. The 3D images of the rock slices were reconstructed through back-
projection using the attenuation coefficients (Fluids, rock matrix), which generate black 
and white radiograph. The linear attenuation coefficient (µ) defines the fraction of X-rays 
absorbed or scattered per unit thickness of the absorber. Subsequently, the 3D 
mathematical models obtained from the micro-CT images were analyzed using a 
dedicated ‗PerGeos‘ software [131]. The internal rock structure in the pore network 
having fluid (i.e., water and/or oil) was examined. The various phases were numerically 
separated from its mineral frame through ‗segmentation‘ process. 
The brine/oil bearing rock cores (CB1 and CB2) were analyzed via CT scanner 
before and after the injection of hydrophilic-SPIONs as a contrast agent. The purpose of 
SPIONs injection into the rock-fluid was to differentiate brine and oil phases present in 
the pore network. Figure 4.35 represents 3D reconstructed CT images of CB1 rock slices 
(a) before and (b) after addition of SPIONs (contrast agent). It can be clearly seen that the 
rock matrix and fluid in the pore network were easily detected due to their significant 
high and low densities, respectively, as indicated by arrows in Figure 4.35. The injection 
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of hydrophilic-SPIONs in brine increases its CT number and brightens the pore network 
up to some extent due to the differences of electron-density between brine and oil (Figure 
4.35b). However, it is difficult to distinguish the oil and brine phases present in the rock 
pores simultaneously. Similarly, 3D reconstructed CT images of CB2 rock slices (a) 
without and (b) with SPIONs are shown in Figure 4.36. Likewise the previous 
observations, it is still difficult to isolate the brine and oil phases in the pore network. 
4.5.3 Rock cores analysis via segmentation protocol 
A segmentation protocol was applied which numerically separated the various 
phases based on their CT numbers. Figure 4.37 displays 3D segmentation of CT images 
for CB1 rock slices (a) before and (b) after injection of SPIONs. In all these color 
contrast images, the rock matrix represented with red color. In Figure 4.37(a), two 
different regions (R1 and R2) were selected to demonstrate the various phases present in 
CB1 core. In these regions, only two phases were seen i.e. rock matrix (red) and fluid 
phase (sky blue). Moreover, the fluid present in the pore network shows only one 
component and oil/water phases are indistinguishable. After the addition of hydrophilic-
SPIONs into the brine, three phases i.e., rock matrix (red), oil phase (sky blue), and water 
phase (dark blue) were clearly identified in 3D images of CB1 core (Figure 4.37b). 
Moreover, two regions (R3 and R4) were spotted parallel to previous regions (R1 and 
R2) to demonstrate the contrast between brine and oil phases in the pores. The contrast in 
the fluid of pore network appeared due to change in the liner and mass absorption 
coefficients of brine by the addition of SPIONs. Similarly, Figure 4.38 provides 3D 
segmentation of CT images for CB2 rock slices (a) without and (b) with SPIONs. Similar 
to the previous findings, only two phases were detected i.e. rock matrix (red) and fluid 
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phase (sky blue) as demonstrated in the regions R5 and R6 (Figure 4.38a). Moreover, the 
fluid present in the pore network displays only one component without distinguishing oil 
and water phases. After the addition of hydrophilic-SPIONs into the brine, three phases 
i.e. rock matrix (red), oil phase (sky blue), and water phase (dark blue) were also 
identified in 3D images of CB2 core (Figure 4.38b). Moreover, two regions (R7 and R8) 
were also spotted parallel to previous regions (R5 and R6) to show the contrast between 
brine and oil phases in the pores. Although, CB2 core has compact pores due to its low 
porosity (12 %), the contrast between brine and oil phases appeared by the addition of 
hydrophilic-SPIONs in brine due to change in its linear and mass absorption coefficients. 
In order to demonstrate the overall contrasting effect of SPIONs in pore networks, the 
cubical 3D segmentation of (a) CB1 and (b) CB2 cores with SPIONs are presented in 
Figure 4.39. It is quite clear that the contrasting effect of SPIONs is homogenous 
throughout the pore networks in rock cores. 
4.5.4 Summary 
The micro-CT was successfully utilized to attain 3D reconstructed images of the 
brine/oil saturated rock cores. 3D segmentation of CT images for the rock cores was 
obtained using a ‗PerGeos‘ software. The various phases (i.e., rock matrix, oil, and brine) 
were numerically segregated through ‗segmentation‘ process. Without the addition of 
SPIONs, the fluid present in the pore network shows only one component and oil/water 
phases are indistinguishable. The hydrophilic-SPIONs were injected into the brine as a 
contrast agent to differentiate brine and oil phases present in the pore network. After the 






























CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
Shape- and size-controlled magnetite nanoparticles (MNPs), uncapped SPIONs, 
have been successfully prepared via chemical co-precipitation. The optimum reaction 
conditions for the synthesis were found to be (i) stirring rate ~500 rpm, (ii) temperature 
~80 
o
C, (iii) reaction time ~1.0 h and (iv) pH ~9.0. Among all the studied parameters, the 
effect of pH, temperature, and precipitating agent was significant on the size, shape, and 
magnetic properties of MNPs. Our simple approach to synthesize spherical and cubic 
shaped MNPs having size (9.1 ± 1.5 nm) and (11.5 ± 2.5 nm) just by changing the 
precipitant, i.e., NH4OH and NaOH, respectively is more advantageous as compared to 
some reported thermal decomposition strategies [107, 108]. The magnetite phase of as-
synthesized MNPs having cubic inverse spinel structure with Fd-3m space group was 
confirmed by XRD and XPS analysis. The synthesized MNPs have magnetic behavior 
and stability in saline water (brine). Based on above results, it can be affirms that by 
controlling the reaction parameters, we can selectively design Fe3O4 NPs of the desired 
size and shape for various advanced applications. 
Highly-stable hydrophilic and hydrophobic SPIONs were successfully prepared 
using a simplified solvothermal approach. The solvents (PEG-400 and OLA) played 
triple role (i.e., as reducing, stabilizing, and capping agents) during the synthesis 
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processes. The syntheses were performed in a controlled environment at relatively lower 
temperature without using pyrophoric substances compared to previously reported 
methods [29, 46, 47]. The magnetite phase having cubic inverse spinel structure with Fd-
3m space group was confirmed by XRD. The surface functionalization of capped-NPs 
was established by the presence of C−O and −NH2 groups in XPS spectra. TEM images 
demonstrated the spherical shape of as-synthesized NPs having ultra-small diameters <15 
nm, which is a suitable size for passing through reservoir rock cores. The hydrophilic and 
hydrophobic SPIONs were found to be stable in ASW and model oil, respectively. 
NMR T2-relaxation measurements performed by Acorn Area analyzer showed the 
quenching of T2-signals with the increase in concentration of SPIONs. The transverse 













) NPs, respectively. The 
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) [7] as well as reported values in literature. 
NMR T2-relaxation measurements were performed via GeoSpec2 core analyzer 
for various sample packs and their T2-distribution signals were successfully attained via 
Laplace inversion technique. Various carbonate and sand packs were studied to examine 
the brine/oil signal overlapping and their separation. The spectral overlapping was 
resolved by the injection hydrophilic-SPIONs into the brine. The overlapped T2-
distribution signal (T2 ~1412 ms) in case-4 was completely deconvoluted into its 
components i.e., brine (T2 ~35 ms) and oil (T2 ~918 ms) phases. Therefore, synthesized 
SPIONs have capability to resolve the T2-spectral overlapping of brine and oil phases. 
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Computed tomography (CT) scan was successfully utilized to attain 3D 
reconstructed images of the brine/oil saturated rock cores. The various phases (i.e., rock 
matrix, brine, and oil) were numerically segregated through ‗segmentation‘ process. 
Without the addition of SPIONs, 3D segmentation CT images didn‘t distinguish the oil 
and water phases present in the pore networks. After the addition of hydrophilic-SPIONs 
into the brine as a contrast agent, 3D segmentation CT images clearly differentiate brine 
and oil phases present within the rock pores.  
Based on the above results, it is concluded that the synthesized SPIONs as 





The following recommendations can be useful for future research in the field of 
functionalized SPIONs and their applications, 
 Colloidal dispersion and stability of SPIONs can be enhanced by surface 
encapsulation using various silanes such as tetraethyl orthosilicate, triethoxy(octyl)-
silane, dimethoxy(dimethyl)silane and (3-Aminopropyl)trimethoxysilane. 
 Maximum physico-chemical characteristics and reservoir dynamics can be predicted 
by three-dimensional (3D) MRI of actual reservoir rocks using sophisticated Geospec 
(12 MHz) core analyzer. 
 Over the long-term, these contrast agents have great potential as MRI agents and 
nanosensors for remote interrogation to develop next-generation technologies for 
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Apart from the dissertation work, extensive research was performed in the field of 
‗photocatalysis‘ and ‗solar water splitting‖ during my Ph.D. studies. Three research 
articles published in well-known ISI journals which are provided here in the appendices. 
A short description of each article is given first with its graphical abstract followed by the 
research article. 
First article entitled ―Surfactant-free synthesis of ellipsoidal and spherical shaped 
TiO2 nanoparticles and their comparative photocatalytic studies‖ was published in 
―Journal of Environmental Chemical Engineering‖. The ellipsoidal TiO2 nanoparticles 
(NPs) of an average length of ~21 nm with ~10 nm width were synthesized via a facile 
solvothermal method, while the spherical TiO2 NPs were prepared by the solvent 
evaporation method to produce particles of ~8 nm average diameter. The TiO2 
nanoparticles were characterized using standard physicochemical techniques. The 
photocatalytic activities of these materials were investigated by decolorization/removal of 
rhodamine-6G (R6G) and methylene blue (MB) under UV-visible light irradiation. In 
first 15 minutes of photo-degradation experiments, the results indicated 98, 86 and 71% 
decolorization and 90, 80 and 60% total organic carbon (TOC) removal of R6G by 
ellipsoidal, spherical, and cubic shaped TiO2 NPs, respectively. Similar findings were 
obtained for the photo-degradation of MB solution. This confirms the superior 
photocatalytic characteristics of the ellipsoidal NPs among the reported TiO2 shapes. The 
graphical abstract shows the ellipsoidal and spherical shaped TiO2 nanoparticles with 





































Second article entitled ―Fabrication of TiO2/Ag/Ag2O nanoparticles to enhance 
the photocatalytic activity of Degussa P25 Titania‖ was published in ―Australian Journal 
of Chemistry‖. A simple chemical reduction approach was used to synthesize Ag NPs 
over TiO2. In the next step, Ag NPs were partially oxidized by treatment with hydrogen 
peroxide (H2O2). The resulting P25/Ag/Ag2O nanocomposites were characterized by 
XRD, TEM, EDX, BET and UV-visible spectroscopy. The photocatalytic activities of the 
P25, P25/Ag, and P25/Ag/Ag2O catalysts were also investigated for degradation of MB 
and R6G. The P25/Ag/Ag2O nanocomposite exhibited better photodegradation activity 
than P25, as well as the commonly used Ag3PO4, under visible light irradiation. First part 
of graphical abstract exhibits homogenous deposition of Ag NPs on the surface of TiO2. 
The second part describes the degradation mechanism of MB and R6G dyes in the 


































Third article entitled ―Plasmon aided (BiVO4)x–(TiO2)1-x ternary nanocomposites 
for efficient solar water splitting‖ was published in the journal of ―Solar Energy‖. This 
work presents the results of newly synthesized facile plasmon aided nanocomposite 
series, ((BiVO4)x–(TiO2)1-x, x = 0.01, 0.05, 0.10 and 0.20) for the efficient solar-driven 
water splitting application. Owing prominent optoelectrical properties of B10 = 
(BiVO4)0.10–(TiO2)0.90 composite, Ag nanoparticles were impregnated to study the effect 
of surface plasmon resonance phenomenon. The synthesized materials were well-
characterized using standard physicochemical techniques. The photoelectrochemical 
water splitting studies performed via linear sweep voltammetry demonstrate that all the 
photoanodes were active at ~0.6 V. Whereas, chronoamperometry (I – t) results depicted 




 at 0.6 V for 
Ag/B10 under chopped solar irradiations. Moreover, B10 and Ag/B10 nanostructures 
affirm prolonged photocurrent (I – t) stability until 3600 s. Ag/B10 ternary composite 
shows enhanced photocurrent density due to its narrow band gap, lower photo-excitons 
recombination and SPR effect as compared to pristine TiO2, BiVO4, and their binary 
composites. First part of graphical abstract demonstrates the photoelectrochemical water 
splitting mechanism on the surface of synthesized photocatalyst. The second part shows 

















































Electronic Supplementary Information 
Plasmon Aided (BiVO4)x–(TiO2)1-x Ternary Nanocomposites for 


















Center of Excellence in Nanotechnology, King Fahd University of Petroleum and 
Minerals, Dhahran 31261, Saudi Arabia 
b
Department of Chemistry, King Fahd University of Petroleum and Minerals, Dhahran 
31261, Saudi Arabia 
‡Corresponding author. Tel.: +966-13860-1048, Fax: +966-13860-1048. 
E-mail address: shali@kfupm.edu.sa, (S. Ali). 
*Corresponding author. Tel.: +966-13860-7261, Fax: +966-13860-7261. 















Fig. S3 (a) DRS absorption spectra and (b) Kubelka−Munk plots for band gap 
calculations of composite series. 
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